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PREFACE TO THE SERIES 


In the cour-e of nearly every procram of research in organic chemistry 
the investigator firds it necessary to use several of the better-known 
synthetic reactions To ducoi er the optimum conditions for the appli- 
cation of even the most familiar one to a compound not previously 
subjected to the reaction often requires an extensive search of the liter- 
ature. even then a series of experiments may be necessary. When the 
rrsulta of the investigation are publishes!, the synthesis, which mny 
have required months of work. is usually described without comment. 
The background of knowledge and experience gained in the literature 
March and experimentation is thus lost to tho-e u ho subsequently have 
occasion to apply the general method. The student of preparative or- 
ganic chemistry faces similar difficulties The tcxtlioohs and labora- 
tory manuals (urm.di numerous examples of the application of various 
synthevs, hut only rarely do they convey an accurate conception of the 
scope and usefulness of the processes 

lor many years American organic chemists have discussed these prob- 
lems The plan of compiling critical discussions of the more important 
tractions thus was evolved The volumes of Organic Reactions arc col- 
lections of chapters each devoted to n single reaction, or a definite pha-so 
of a reaction, of wide applicability The authors have hud experience 
with the processes surveyed The subjects are presented from the pre- 
paratne viewpoint, and particular attention is given to limitations, in- 
terfering influences, effects of structure, and the selection of experimental 
techniques Each chapter includes several detailed procedures illustrat- 
ing the significant modifications of the method. Most of these proce- 
dures have been found satisfactory by the author or one of the editors, 
but unlike those in Organic Syntheses they have not been subjected to 
careful testing in two or more laboratories. When all known examples 
of the reaction are not mentioned in the text, tables are given to list 
compounds which have been prepared by or subjected to the reaction. 
Evcty effort has been made to include in the tables all such compounds 
and references, however, because of the very nature of the reactions dis- 
cussed and their frequent use as one of the several steps of syntheses in 
which not all of the intermediates have been isolated, some instances 
may w ell have been missed. Nevertheless, the investigator will be able 
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to use the tables and their accompanying bibliographies in place of most 
or all of the literature search so often required. 

Because of the systematic arrangement of the material in the chapters 
and the entries in the tables, users of the books will be able to find in- 
formation desired by reference to the table of contents of the appropriate 
chapter. In the interest of economy the entries in the indices have been 
kept to a minimum, and, in particular, the compounds listed in the tables 
arc not repeated in the indices. 

The success of this publication, which will appear periodically, de- 
pends upon the cooperation of organic chemists and their willingness to 
devote time and effort to the preparation of the chapters. They have 
manifested their interest, already by the almost unanimous acceptance 
of invitations to contribute to the work. The editors will welcome their 
continued interest and their suggestions for improvements in Organic 
Reactions. 



CHAPTER 1 


HYDRATION OF OLEFINS, DIENES, AND ACETYLENES 
VIA HYDROBORATION 


George Zweifel and Herbert C Brown 
Purdue Unuemty 
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3-Ethyl-l-pentanol from 3-Ethyl-2-pentene (Preparation and Isomerization 
of an Alkylborane) ......... 34 
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Table XV. Hydroboration-Oxidation of Acetylenes .... 50 

Table XVI. Isomerization-Oxidation of Organoboranes .... 51 

Table XVII. Chromic Acid Oxidation of Organoboranes .... 53 


INTRODUCTION 

The hydroboration of olefins, dienes, and acetylenes involves the addition 
of a boron-hydrogen bond to the carbon-carbon multiple bond . 1,2 This 


II / 11/ 

C=C + H— B — H— C— C— B 



1 Brown and Subba Roo, J. Am. Chtm. Soc., 78, 5694 (1956); 81, 6423, 6428 (1959); 
J.Org.Chtm.. 22, 1136 (1957). 

1 Brown and Zwcifel, J. Am. Chtm. Soc., 81, 1512 (1959); 83, 3834 (1961). 



HYDRATION VIA HYDRO EQUATION 


reaction provides a new convenient route to the corresponding organo- 
boranes and makes them readily available as intermediates in organic 
synthesis. One of the important reactions which the organoboranes 
undergo is the rapid and essentially quantitative oxidation with alkaline 
hydrogen peroxide. 


H— C— C— B + H t O. - 

I I \ 


>H— C— C— OH + HOB 

I I \ 


The hydro boration of olefins involves a cis addition of the boron- 


hydrogen bond, the boron atom becoming attached to the less substituted 
of the two olefime carbon atoms of the double bond Furthermore the 


oxidation occurs with retention of configuration, placing the hydroxyl 
group at the precise position occupied by the boron atom in the initial 
organoborane Both the hydroboration and the oxidation reactions 
appear to be free of the carbon skeleton rearrangements that occasionally 
accompany other hydration procedures As a result, hydroboration 
followed by oxidation with alkaline hydrogen peroxide has become an 
important new synthetic method for the anti-Markowmkoff, css hydration 
of double bonds 


This chapter surveys the available information on the hydration of 
olefins, dienes, acetylenes, and their derivatives by the hydroboration- 
oxidation procedure * 

Early observations on the reaction of diborane with olefins indicated 
that the reaction required elevated temperatures and long reaction periods 9 
and did not provide a convenient route to organoboranes Later it was 
observed that anhydrous aluminum chloride enhanced the reducing power 
of sodium borohydride to the point where the reagent at room temperature 
readily reduced substances such as nitriles and esters, groups which are 
normally resistant to sodium borohydride itself 4 Even more unexpected 
was the observation that olefins reacted with the reagent, utilizing one 
B-H equivalent per molecule of olefin and forming an organoborane 4 


9RCH=CH, + 3N&BH, +■ AlCI a -w 3(RCH a CH a ) 3 B + AlH a + 3NftCl 


• Another survey u to be found in an article by Brown. Tetrahtdron, 13, IIT (1961), and 
a detailed treatment of the hydroboration reaction and of the synthetic applications of tha 
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This discovery led to the search for alternative procedures for hydro- 
boration. It was found that hydroboration could readily be achieved by 
treating an olefin with sodium borohydridc and boron tritluoride in an 
appropriate solvent. 

12RCH=CHj + 3XnBH 4 4- 4BF 3 :0(C 2 H S ) 2 — 

4(RCII.CH 2 ) 3 B 4- 3XnBF 4 4- 4(C 2 H B ) s O 

It was also discovered that, contrary to the impression given by the 
earlier reports, diboranc itself adds rapidly and quantitatively to olefins in 
ether solvents. 1 CKC11==CH;; + B jj g „ 2(RCH 2 CH 2 ) 3 B 

The reaction appears to be as general ns the addition of hydrogen or 
bromine to multiple carbon-carbon bonds. 

Johnson and Van Campen had noted that alkaline hydrogen peroxide 
effected a complete dealkylation of tri-n-butvlborane and related organo- 
boranes to form alcohols and boric acid. 6 A detailed study of this re- 
action revealed that the oxidation is essentially quantitative at 25°, that 
the solvents utilized for the hydroboration do not interfere with the 
oxidation and hence the reaction can be performed without isolating the 
organoborane, and that the reaction is of very wide generality. 0 

The subject matter of this chapter is limited to hydroboration-oxidation 
as a specific combination for the hydration of multiple carbon-carbon 
bonds under mild conditions. It may be noted, however, that organo- 
boranes undergo protonolysis in the presence of carboxylic acids, pro- 
viding a non-catalytic means of hydrogenating multiple carbon-carbon 
bonds. 7 Organoboranes also undergo coupling on treatment with alkaline 
silver nitrate, and this reaction provides a new synthesis for carbon- 
carbon bonds. 8 

HYDROBORATION OF OLEFINS 

As a result of the developments outlined above, two convenient pro- 
cedures are available for the hydroboration of olefins under mild conditions : 
(1) treatment of a mixture of the unsaturated compound and an alkali 
metal borohydridc in a suitable solvent with boron trifluoride etherate 
(or other acid), and (2) external generation of diborane followed by its 
reaction with the unsaturated compound in an appropriate solvent. Each 
of these procedures possesses advantages that will lead to its selection for 
specific reactions. Both procedures are described in the section on 
Experimental Procedures. 

6 Johnson and Van Campen, J. Am. Chem. Soc., 60, 121 (1938). 

6 H. C. Brown, C. H. Snyder, B. C. Subba Rao, and G. Zweifel, to be published. 

7 Brown and Murray, J. Am. Chem. Soc., 81, 4108 (1959). 

8 Brown, Hubert, and Snyder, J. Am. Chem. Soc., 83, 1001 (1901); Brown and Snyder, 
ibid., 83, 1001 (1901); Brown, Verbrugge, and Snyder, ibid., 83, 1002 (1901). 



HYDB VTION VIA HVnllOnOHATIOX 


Scope and Stoichiometry 

The h> drohorat ion reaction has been applied to a large number of 
olefins of # idely different Htructnres In practically all cases the reaction 
proceeds simply and rnpnll.t Only the most hindered olefins exhibit any 
resistance to addition Simple olefins commonly utilize all the hydrogen 
atoms of diborane and form the trinlbylborane 


cji, ni. 



ii k 


However, tnsubstituted olefins, auch as 2-methj 1-2-buteno and l-methyl- 
cyclohcxcne. utilize only two of the three hydrogen atoms of the borane 
group forming a dialkvlboranc 

ar, r cir, t 

| + DHj -* | Bit 

J. |C'Jlj),CHCJI — 

Further react ion to form a t nalkytboranc is very slow at room temperature. 
Finally, tctrasubstitutcd olefins, sueii as tetramethylethyienc, react 
rapidly to utilize only one hydrogen atom of the borane group and form 
the monoalhylboranc 

CHj CHj 

(CH,).0=C + Bit, (CII.ljCHCBH 

I I 

CII, CH, 

Up to the present time only two olefins, the steroids 1 and 2 (Refs 9 
and 10, respectively), have been reported not to undergo hydroboration 



• Wccht-fr, Chem * Jnd (London), 1959, 294 
IB Nusaim and Sondheim«r, Cktm d Jnd (London), 1960, 400 
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On the other hand, the analogous compounds with the A/B-trans junction 
do undergo hydroboration. 

The stoichiometry of the hydroboration reaction for a number of 
representative olefins is summarized in Table I. 


TABLE I 

Stoichiometry of Hydroboration of Representative Olefins 1,11 


(a) 


(b) 


(o) 


Acyclic Olefins 
3 Olefin + BIL, 



Cyclic Olefins 
Trialkylborane, R 3 B 


2- Metliyl- 1 -butene 

3- Methyl-l -butene 

1- Hoxene 

2 - Hexene 

3- Hexono 

4- Methyl-2-penteno 

3,3-Dimothyl-l-butcno 
2,4,4-Trimothyl- 1 -pentone 
Styrcno 

a-Metliylstyrono 

1-Tetmdoccne 


Cyclopentono 

Cyclohexone 

Cyclohepteno 

Norborneno 

/J-Pineno 


2 Olefin + BH 3 


20 ° 


Dialkylborane, R 2 BH 


2-Methyl-2-butene 1-Mothylcyclopcntcno 

4.4- Dimotbyl-2-penteno l-Methylcyclohexene 

2.4.4- Trimothyl-2-pentone a-Pineno 


20 ° 

1 Olefin + BH 3 >- Monoalkylborane, RBH 2 

2,3-Dimethyl-2-butene 1,2-Dimethylcyclopcntene 

2,2,5,5-Tetramethyl- 1 ,2-Dimethylcycloliexene 

3-hexene 12 


Directive Effects 13 

The oxidation of an organoborane to an alcohol by alkaline hydrogen 
peroxide is essentially quantitative and proceeds without rearrangement. 
Consequently, the structure of the alcohol formed serves to locate the 
position of the boron atom in the organoborane. 

Terminal olefins, RCH=CH 2 , give predominantly addition of the boron 
atom to the terminal carbon atom (93-94%). Thus hydroboration of 
1-hexene yields an organoborane which, upon oxidation with alkaline 
hydrogen peroxide, is converted to a mixture composed of 94% 1-hexanol 
and 6 % 2-hexanol. Similar results are observed with 1-butene, 1-pentene, 

11 Brown and Zweifel, J. Am. Chem. Soc. t 83, 2544 (1961). 

12 Logan and Flautt, J. Am. Chem. Soc., 82, 3446 (1960). 

13 Brown and Zweifel, J. Am. Chem. Soc., 82, 4708 (1960). 
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and 1 octene, establishing the predominantly aidi-ilarkownikoff direction 
of addition 1 Branching of the alkyl chain as in 3-methyl- 1 -butene, 
3, 3-dimethyl- 1 butene, and 4,4 dimethyl-1 pentene makes no essential 
difference in the direction of addition 
The presence of an alkyl substituent m the 2 position increases the 
directive effect The boron atom add3 to the terminal position of olefins 
such as 2-methyM-butene to the extent of 99% 

TABLE II 

Directive Effects in tbs Hydbobosatioh of 
Terminal Olefins at 20° 


Olefin 

Alcohol 

l-ol 

Distribution, 0 % 
2-ol 

1 -Butene 

93 

7 

1-Pentene 

94 

6 

2-Methyl 1-butene 

99 

1 

3-Methyl- 1 butene 

94 

6 

1 Hexene 

94 

6 

3,3 Dimethyl- 1 -butene 

94 

6 

4,4 -Dimethyl - 1 -pentene 

93 

7 

Styrene 

80 

20 

p-Chlorostyrene 

65 

35 

2,4,4 Trunethyl-1 -pentene 

99 

I 

a-Methylstyrene 

100 

TVace 

p-SIethylutyrene 

82 

18 

p-flfethoiy styrene 

91 

9 

AUylbenzene 

90 

10 


° The yields by gas-liquid partition chromatography were 90 ± 10%. 

The addition to styrene is less selective; 80% of the boron becomes 
attached to the terminal position and 20% to the secondary carbon atom 
Moreover, the direction of addition is strongly modified by substituents in 
the para position of the aromatic nucleus 

The results are summarized in Table II 

The data in Table II— specifically the facts that ethylene, isopropyl- 
ethylene, and t butylethylene give 93%, 94%, and 94%, respectively, of 
primary alcohol— clearly show that an increase in the bulk of the alkyl 
group attached to the double bond does not influence the direction 
of addition. These results argue against steric control of the direction of 
addition. The marked influence of para substituents on the direction of 
addition to styrene supports the contention that the direction of addition 
is controlled primarily by electronic factors. 

Dialkyl efftylenes, BCH=Cfi It', such as 2 pentene and 2 hexene, 
undergo addition to place the boron atom in approximately equal 
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amounts on the 2- and 3-earbon atoms. This is true even for molecules 
such as fraras-4-methyl-2-pentene and <rai2-s-4,4-dimethyl-2-pentene, where 
the two alkyl groups differ markedly in their steric requirements. Only 
in iraits-l-phenylpropene, where the phenyl group is opposed to a methyl 
group, is a marked directive effect indicated; the boron atom becomes 
attached to the carbon atom holding the phenyl substituent to the extent 
of 85% (Table III). 

TABLE m 

Directive Effects in the Hydroboration of 
Internal Olefins at 20' 

Olefin Alcohol Distribution, 3 % 



2-ol 

3-ol 

ci«-2-Pentene 

55 

45 

trans- 2-Pentene 

51 

49 

2-Methyl-2-butene ,y 

98* 

2 

c'is-2-Hexene 

50 

50 

frems-2-Hexene 

46 

54 

trans-i-Methyl-2-pentene 

57 

43 

f ranjs-4, 4-Dime thyl-2-pcntene’ J 

58 

42 

2,4,4-Trimethyl-2-pentene' / 

2 

98* 

trams- 1-Phenylpropene 

85* 

\o< 

“ The yields by gas-liquid partition chromatography were 90 

vO 

o 

rH 

•II 


1 The addition yields a dialkylborane. 

* The product is 3-methyl-2-butanol. 
d The product is 2,2,4-trimethyl-3-pentanol. 


* The product is 1-phenyl-l-propanol. 

' The product is l-phenyl-2-propanol. 

Trisubstituled olefins, R 2 C=CHR, such as 2-methyl-2-butene and 2,4,4- 
trimethyl-2-pentene, add the boron atom predominantly at the less 
substituted ethylenie carbon atom. 

The data are summarized in Table HI 

Diborane undergoes cis addition to cyclic olefins and to acetylenes, 
which will be discussed later. Consequently, the addition very likely 
involves a four-center transition state. 

H H H H 

( | \ i j RCHjCHj 

R — C=C — H 4- B— H — R— O— C— H — 1 

/ i : B— 

H B— J 

The boron-hydrogen bond is presumably' polarized, the hydrogen having 
some hydridic character. The addition of the boron atom to the terminal 
position is then readily understood on the basis of the electronic shifts 
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generally assumed in order to account for the normal ionic addition to 
propylene. „ H 

*" H I .+ i- 
> H 2 C— CH CH 2 




/ 

H - B 
4 - 4+ \ 

A similar rationalization explains the addition of the boron atom to the 
terminal position of styrene. 

CHj 



It is generally recognized that a phenyl group can supply electrons to an 
electron-deficient center or serve as an electron sink This provides a 
simple explanation for the increased substitution in the « position observed 
in styrene. . 

^ /-= s- a* 

C ( Hj'-CH=CHj *- C,H S — CH CH S 

\. 

B H 

/ ,+ 

Electron-withdrawing substituents, such as p-chloro, should stabilize and 
electron-supplying substituents, such as p-methoxy, should destabilize 
such a transition state. This conclusion is in accord * ith the influence of 
the p chloro and the p-methoxyl group on the hydroboration of substi- 
tuted styrenes {Table II) 

Little quantitative information is available concerning the influence of 
other substituents on the direction of the addition reaction It is evident 
that major effects Mill be encountered TnmethylvinyUilane undergoes 
hydroboration to place 37 % of the boron atoms at the secondary position 14 
as compared to 6% for 3,3-dimethyI-l-butene 15 

Bis- (3- methyl -2-butyl)borane as a Selective 
Hydroborating Agent 15 

It was pointed out earlier that highly substituted olefins, such as 
2-methyl-2-butene, undergo hydroboration rapidly to the dialkylborane 

•4 Seyfcrth, J -YkI Ciem , 7, 15* (1958) 

II Brown and Zwe.fel, J Am Chm Soc . S3. 1241 (1981). 
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stage, further reaction to the trialkylborane stage being relatively slow. 


CH, 


3 Fast 

4- BEL, > 


2(CH 3 ) 2 C=CH 


ch 3 - 

I 

(CH 3 ) 2 CHCH— 


BH 


r ch 3 -i 

ch 3 slow 

r CH 3 I 

! 

BH + | 

1 

JCH 3 ) 2 CHCH— _ 

2 (CH 3 )„C=CH 

_(CH 3 ) 2 CHCH— . 


The slowness of the last stage, in contrast to the high speed with which 
other olefins form the trialkylboranes, is presumably a result of the large 
steric requirement of the intermediate dialkylborane. It therefore 


TABLE IV 

Directive Effects in the Hvnp.OBOn.vnoN of Unsymmetrical 
Olefins with Diborane and with Bis-(3-methvl-2-bdtvl)borane 

Alcohol 



Hydroborating 

Temp., 

Time, 

Distribution, 

Olefin 

Agent 

e C. 

hr. 

l-ol 

2-ol 

1-Hexene 

Diborane 

25 

1 

94 

6 


R.BH" 

0 

1 

99 

1 

cis-4-Methj’l- 

2-pentene 

R.BH° 

25 

12 


97 

tran.s-4-Methyl- 

Diborane 

25 

1 


57 

2-pentene 

R.BH° 

25 

12 


95 

Styrene 

Diborane 

25 

1 

80 

20 

R,BH“ 

25 

2 

98 

2 

p-Methoxystyrene 

Diborane 

25 

1 

91 

9 


R,BH° 

25 

o 

98 

2 


a R,BH is 


CH, 
|_(CH,)jCHCH- 


BH. 


appeared that this dialkylborane might exhibit an enhanced sensitivity to 
the steric requirement of the substituents on double bonds of other 
olefins and thereby exert a steric influenceonthedirectionof hydroboration. 

The reagent, bis-(3-methyl-2-butyl)borane, reacted rapidly with 1- 
hexene, and oxidation of the product yielded 1-liexanol in an isomeric 
purity of at least 99 %, in contrast to the 94 % isomeric purity realized with 
diborane itself. Similarly, styrene yielded less than 2 % of the secondary 
alcohol, in contrast to 20% formed in the corresponding reaction with 
diborane. Finally, cis-4-methyl-2-pentene gave 97 % of the less hindered 
isomer, 4-methyl-2-pentanol. 

The experimental data are summarized in Table IV. 

In these studies the ease with which different olefins reacted with bis- 
(3-methyl-2-hutyl)borane was found to vary enormously. Thus the reac- 
tion with 1-hexene was complete in a matter of minutes at 0°, whereas 
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internal olefins reacted much more slowly, cyclopentene reacting faster 
than cis-2-hexene and the latter reactmg considerably faster than 
cyclohexene cis-2-Hexene also reacted considerably faster than the 
trnrts isomer 'f'nsabstituted olefins, such as 2-methy]-2-butene and 
1 -methylcyclohexene, reacted very slowly. 

The results may be expressed in the following senes of relative rates of 
reaction. 1-hexene ^ 3-methyl- 1-butene > 2-methyl- 1-butene > 3,3- 
dimethyl-1 -butene > cw- 2 -hexene ;> cyclopentene > trana-2-hexene > 
<ro«s-4- methyl-2 - pentene > cyclohexene > l-methylcyclopentene > 2- 
methyl- 2- butene 5 1 -methylcyclohexene ;> 2,3- dimethyl- 2- butene 

The differences m reactivities are quite large and can be utilized for the 
selective hydroboration of a more reactive olefin in the presence of a less 
reactive one Thus treatment of a mixture of 1-pentene and 2-pentene 
with a controlled quantity of bis-(3-methyl-2-butyl)borane yielded pure 

2- pentene. Similar treatment of a mixture of 1-hexene and cyclohexene 
afforded essentially pure cyclohexene, while an equimolar mixture of 
cyclopentene and cyclohexene gave a product containing only minor 
amounts of the more reactive cyclopentene A commercial mixture of 
cw- and trana-2-pentene (18% cm and 82% tram) with the reagent gave a 
product that contained more than 97 % of the tram isomer 

In contrast to the results achieved with acyclic olefins, no significant 
directive effect was noted in the hydroboration of 3-methyIcyclopentene, 

3- methylcyclohexene, or 3,3-dimethylcyclohexene 11 

In a rigid cyclic system, selective reaction was observed Treatment 
of 1-cholestene with bis-(3-methyl-2 butyljborane resulted in the pre- 
dominant formation of cholestan-2a-ol, in contrast to the nearly 1.1 
mixture of cholestan-la-ol and cholestan 2a ol obtained with diborane u 



Asymmetric Synthesis 

The remarkable selectivity of a diaLkylborsne in hydroboration is 
further illustrated by the conversion of olefins to optically active alcohols 17 
Hydroboration of a-pinene ([a]^ -+- 47°) gives diisopinocamphejlborane. 11 
This reagent was utilized for the hydroboration of cw-2-butene, cw-3- 
hexene, and norbornene Oxidation of the resulting organoborane with 

’• Sondheimer «nd Knamm. J. Or f C/iem . 24. »30 (mil 
u Brown uid Zweifel, J Am Chem.Soe . 83, 489 (1981) 
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alkaline hydrogen peroxide produced the corresponding alcohols in optical 
purities of 70-90 %. It is noteworthy that the alcohols obtained from the 
hydroboration of acyclic cis-olefins with the diisopinocampheylboranes 
derived from ( + ) or ( — ) a-pinene have the R and S configurations, 
respectively. frans-Olefins and hindered olefins react only slowly with 
diisopinocamplieylborane . 

Negligible racemization of the asymmetric organoborane was observed 
when it was kept for several hours at room temperature. 18 


Stereochemistry 

The hydroboration of cyclic olefins provides a means of determining the 
stereochemistry of the reaction. 11 Thus the hydroboration of 1-methyl- 
cyclopentene and 1-methylcyclohexene, followed by oxidation with 
alkaline hydrogen peroxide, results in the formation of almost pure Irans- 
2-methylcyclopentanol and fraws-2-methylcyclohexanol, respectively. 
The available evidence indicates that the hydrogen peroxide oxidation 
proceeds with retention of configuration. Consequently, the hydro- 
boration must involve a cis addition of the hydrogen-boron bond to the 
olefinic linkage. 



The products of these reactions are the thermodynamically more stable 
isomers. However, thermodynamic stability of the product cannot be 

18 H. C. Brown, N. R. Ayyangar and G. Zweifel, to bo published. 



HYDRATION VIA HYDROBORATION 


the controlling factor in the reaction because the hydroboration of 1,2- 
dimethylcyclopentene and 1 ,2-dimethyIcyclohexene produces the thermo- 
dynamically less stable isomers, pure eis- 1 ,2-dimethylcyclopentanoI and 
CM-l,2-dimethylcycIohexanol, respectively 



Cl O- 

The hj'droboration of norbomene proceeds to give ezo-norborneol 
almost exclusively Similarly the hydroboration-oxidation of isodrin 
occurs from the less hindered side 18 





The generalization that hydroboration proceeds by cm addition from the 
less hindered side of the double bond is now supported by a considerable 
number of observations a-Pmene is readily converted to isopinocampheol, 
pinene to cm myrtanol, and cholesterol to cholestane-3/?,Ga-diol 9 


well, J Ch'T* Soc , 1961, 4809 

*» Brack, Thompson, »nd W 


A Ind (London), 1959, J03, Bird, Cookeon, . 
in, Chrm A Ind (London), I960, 405, 
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Isomerization of Organoboranes 


A simple synthetic route to primaiy organoboranes involves the iso- 
merization of organoboranes derived from internal olefins. Secondary and 
tertiary organoboranes, synthesized by means of the Grignard reaction, 
slowly isomerize at 200-215° to yield primary organoboranes. 21 The 
isomerization is far more rapid under hydroboration conditions. Thus 
tri-2-hexylborane is almost completely isomerized to tri-n-hexylborane in 
one hour at 160° in diglyme solution. 1,22 


CH 3 CH 2 CH 2 CH=CHCH 3 -~> 


CH 3 CH 2 CH 2 CH 2 CHCH 3 

/ 

B 

+ \ 

CH 3 CH 2 CH 2 CHCH 2 CH 3 

/ 


1G 0° 


(CH 3 0CHjCH 2 ) 2 0 


CHoCHsCHoCHoCHoCHo — B 


\ 


41 Hennion, McCusker, Ashby, and Butkowskx, J. Am. Chem. Soc., 79, 5190 (1957). 
41 Bro’sm and Subba Rao, J. Am. Chem. Soc., 81, 6434 (1959). 



HYDRATION VIA HYDROBORATION 


The small quantities of excess diborane produced in the hydroboration 
stage markedly catalyze the isomerization H Typical results are sum- 
marized in Table V. 


TABLE V 

Isomerization or Oroanoboranes at 160 ° 23 

Location of tho Boron" 


C — C=C — C— V 


c— r-»c— c— c 


c— c=c- 
c— c— c— / 


1 Tr. 47 


76 10 14 


0 Tho numbers indicate the position of the boron atom, counting from the 
left-hand end of the eliain. 


The results indicate that the boron atom not only moves readily down 
a straight chain, but also encounters no difficulty in moving past a single 
alkyl branch 


C 



B— C— C— C— C 


B 

\ 


However, under the mild conditions generally used, the boron atom does 
not migrate past a double branch 

23 BtovD jnd Zweifel, J Am Chem Soc , 82, 1504 (1960), sin/ , to bo published, 
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C 


C— C— C=C— C • 


25 ° 


c— c— c— c— -c ■ 


, 1G0° 




/ 

C C 1 

3 C 


\ 


\ 


In these isomerizations, the boron atom migrates preferentially to the 
least hindered position in the molecule. 



It is noteworthy that hydroboration of /5-pinene yields the cis-organo- 
borane. 11 However, on heating, the cis-organoborane is converted to the 
more stable trans derivative. 24,25 



Moreover, the trans derivative is obtained from the hydroboration of 
oc-pinene followed by isomerization. 24 



The versatility of the hydroboration reaction when coupled with ther- 
mal isomerization is illustrated by the following transformations, all of 
which proceed readily in yields of approximately 90 %. 

2i H. C. Brown, M. V. Bhatt, and G. Zweifel. Unpublished research. 

Braun and Fisher, Tetrahedron Letters, No. 21, 9 (1960). 
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CH,CHjC=CttCH s - 


CH, 

CH, 

I 

> CH 3 CH.CHCHCH 3 - 


1/ 


*■ CH 3 CH 2 CHCHjCHjB 


CHjCHjCCHjCHj 


CH, 

I 

CH, 

I 

CH,CH,CHCHCH, 


CH, 

I 

CHjCHjCHCHjCH, 


Thermal Cycllzatlon of Organoboranes 

Certain organoboranes cychze at elevated temperatures »*«-*• Thus 
the monoalkylborane derived from trans-di-t-butylethylene loses hydrogen 
above 100® to form a cyclic organoborane Oxidation of this cyclic 
product gives 2,2,5,5-tetramethyM,4.hexanedioI ls 


1/ 

c o 


C— c 

S\ 


c—c 

/\ 


c c 
\/ 
c—c 
I 

c-c 

/ \ 




1/ 

c—c 

cJ -i 

/ \ 

c—c n 

/ \/ \r 


► CH,C{CH,),C!I,CHC(C1I,), 


« *jid J-Am CAtm. Sat . *2. S«JO |1W|. 

nd Rot^nninJ. CAtm . 72, US 7*, i«J 

JWQ, K- J> MUfTtr, AO*i C ZweiM. l/npu Mi»hrd IftMlfh. 



18 


ORGANIC REACTIONS 


Similarly, at 160° in refluxing diglyme, bis-(2,4,4-trimetbyl-l-pentyl)- 
borane undergoes cyclization. Oxidation of the product yields 2,4,4-tri- 
methyl-l,5-pentanediol and 2,4,4-trimethyl-l-pentanol. 28 


BH, 


(CH3) 3 CCH=C(CH 3 ) 2 > 


CH3 CH, 


CHC — CHCHCH, — B 


CH(CH 2 ) 2 - 
L(CH 3 ) 3 CCH . 


__ Heat. 

BH > 


CH 2 

/ \ 

(CH3) 2 C chch 3 


Heat 


CH 2 ch 2 


CH, 


\ 


\ 


B 


(CH-bCCHCHCH, 

I 

CH, 

CH, 


CH, 


(CH 3 ) 2 CCH 2 CHCH 2 -f (CH 3 ) 3 CCH 2 CHCH 2 OH 

hoch 2 oh 


HYDROBORATION OF DIENES 


Hydroboration with Diborane 


Dihydroboration of dienes followed by oxidation of the organoborane 
provides a route to diols. 29-32 1,3-Butadiene is transformed into a 4:1 
mixture of 1 ,4- and 1 ,3-butanediol. Koster has assigned a cyclic structure 
to the organoborane derived from 1, 3-butadiene. 30 


3CH 2 =CH — CH=CH 2 - 


2BH, 


CH, 


CH, 


-ch 2 

\ 


CHo 


-CH„ 


B— (CH 2 ) 4 — B 


-CH, 


\ 


10 ] 


> 3HOCH 2 CH 2 CH 2 CH,OH 


CH, 


By similar procedures 1,5-hexadiene 29 and cyclopentadiene 31,32 are con- 
verted to 1,6-hexanediol and <ra7W-l,3-cyclopentanediol, respectively. 


*• Brown and Zweifel, J. Am. Chem. Soc., 81, 5832 (1959); Zweifel, Nagase, and Brown, 
ibid., Si, 183 (1962). 

30 Koster, Angew. Chem., 71, 520 (1959). 

31 Saegebarth, J. Am. Chem. Soc., 82, 2081 (1960); J. Org. Chem., 25, 2212 (1960). 
as Brown and Zweifel, J. Org. Chem., in print. 



HYDRATION VIA HYDROBORATION 


The partial hydroboration of dienes (monohydroboration) followed by 
oxidation gives the corresponding alcohols in modest yields 29 1 , 5 . 
Hexadiene is transformed into 5-hexene-l-oi, and cyclopenta diene 93 into 
3-cyclopenten-l-ol. Bicycloheptadiene yields earo-dehydronorborneol 
(87 % exo and 13 % endo ) 29 



Isomerization 


Dihydroboration of acyclic dienes with diborane followed by iso- 
merization yields cyclic organoboranes The preferred product appears 
to be the 6-membered heterocycle 31 Hydroboration of 1,3-pentadiene 
yields what was considered to be a mixture of bis-1,3- and bis-l,4-(I-bora- 
2-methylcycJopentyJ )pentane, for on oxidation it furnished a 1 9 mixture 
of 1,3- and 1,4-pentanediol. However, the product obtained after 
thermal isomerization and oxidation was essentially pure 1,5-pentane- 
diol.M 


3CH.CH— CH— CH— CH, + 2BH, y 

CH, CH, 


| ^BCH,CH,CHCH,CH, + | ^BCH.CH.CH.CHCH, ' ■ "> 

^ — (CH ,), — y 3HOCH,(CH,) l CH,OH 


Hydroboration with Bls-(3-methyl-2-butyl)borane 

Bis-(3-methyl-2-butyl)borane has been applied to the selective hydro- 
boration of dienes with excellent results. ls 34 2-Methyl- 1 ,5-hexadiene was 
converted in good yield to 5-raethyl-5-hexen-l-ol, and 1,3-cyclohexadiene 
furnished a mixture consisting of 90% 2-cycIohexen-l-ol and 10% 3- 
cyclohexen-l-ol Also, the more reactive double bonds in vinylcyclo- 
hexene, d-limonene, and myreene 33 are hydrated without attack on the 
less reactive double bond(s). 

« WiPBtein, Atind,eii>JStoaatabee^ r y.Am S833(293{ti, Seaaeabeeg. 

and Win»t*in, J. Org Chm . 85, 2# (1460) 

M Zwaitel, Nagaaa, and Brown. J. Am. Ckcm See . 84, 140 (1962) 
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CH=CH 2 

[ 


CH 



.(CH,)jCnCH 


l_" 1 bh 
‘ j 2 


CH 2 CH 2 B CH 2 CH 2 OH 

\ 

[O] 






CH 2 

11 

(CH 3 ) 2 C=CHCH 2 CH 2 CCH==CH 2 

ch 2 



f ? n3 1 BH 

L(CH 3 ) 2 CHCH— J , 


CH, 


(CH 3 ) 2 C=CHCH 2 CH 2 CCH 2 CH 2 B (CH 3 ) 2 C=CHCH 2 CH 2 CCH 2 CH 2 OH 

\ 

It is noteworthy tlmt hydroboration of caryophyllene involves a prefer- 
ential attack at the highly reactive trans internal double bond. 35 



CH, 1 


1 

BH \ 

,(CH 2 ) 2 CHCH~ 

2 4 

then H 2 0 2 L 


H 




HO 


H 


// 

ch 2 



HYDROBORATION OF ACETYLENES 


Hydroboration of disubstitutcd acetylenes with diborane proceeds 
readily and can be controlled to give predominantly the vinylorgano- 
borane. Oxidation of the latter with hydrogen peroxide affords the 
ketone. 2 


mi. 

CH 3 CH ,C— CCH .CH 3 — V 


/ CH„CH,’ 

| 

iCH-jCHjCH — C , 



CHjCH.CHXOCHjCHj 


Tlic corresponding reaction with 1-alkynes yields predominantly the 
dihydroboration product. However, use of either bis-(3-methvl-2-butyl)- 
bornne or trimethylnmine-f-butylborane 3 * circumvents this difficulty and 

11 II . C. Hrown nnd K. P. Singh. Vnpublinh'^f rr^nreh. 

,c Hawthorne, J. Am. Chrm. 83, 2.741 Ul» r >!). 





HYDRATION VIA HYDROBORATION 


results in the formation of the monohydroborated product. Oxidation of 
the vmylorganoborane gives the corresponding aldehyde. 


r CH, T 
I I 

.(CHj)jCHCH — J, 


' CH, -1 

RCH=CHB | 

CHCIKCHjlJ, 


HYDROBORATION OF OLEFINS CONTAINING OTHER 
FUNCTIONAL GROUPS 


Up to the present the hydroboration-oxidation reaction has been applied 
primarily to olefins, dienes, and acetylenes. Extension of tho reaction to 
functional derivatives of such compounds is complicated by tho reduction 
of many functional groups by diborane 37 38 Fortunately, this is n „t „„ 
insurmountable difficulty. The hydroboration of carbon-carbon double 
or triple bonds is so rapid that they can frequently bo converted to organo. 
boranes in excellent yield in the presence of such functions as acid" 
chlorides, esters, or mtro groups. In some coses a group whirh fs reducer] 
very rapidly, such as the carboxyl group, can bo tolerated. 

For example, methyl oleate has been converted to 0- and 10-hydrnx 
stearic acid via hydroboration. 3 * Similarly bis-{3.methyl-2.biityl}l r 
which reacts with but does not reduce tho carboxyl group uiulrr 
borating conditions, has been utilised to convert lO-undceennlr T/ 0 ’ 

1 1 -hydroxyundecanoic acid. 3 * 1 0 '“'''I <0 

r cn > i 

H,C=CH(CH,) 8 COjH +2 I HH - 

[_(CH,),CHCH- J 


CH, ‘ 

I 1 

_{CH,),CHCH — J, 


BCH,CH,(CH,),C0 2 ! 


rcir, 

2 1J | _(OJ 

LciioiifCi r,), J, ” 


Numerous alcohols have been hydroborated t 




The presence of one or more free hydroxyl group* ah oholii. 

g aeent. The , 1 " r, '"*«>rreiii»,ridlnir 

fere with the hydroboratioi 


excess of the hydroborating agent. Tho Uric eM-T. f"''' * 
f :*R Lwdrohnrat.inn. >orm<r| n , |t | ||t( . r . 


3ROH + BH, - (RO),U + 

Finally, there are many functional group* t f, 
toward diborane or other hydroboratine at ,,. ? nro r, ' 1,lt *vely inert 
•’ Brown and Subba Rao, J. Am Cktm. Soe , g2 f tydroboratforl of 

$2, 3868 (I960) ‘ 


m Soc , 83, 4! 


'"I KorytnyV.U* 1 ' 
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unsaturated derivatives containing these substituents appears to offer no 
difficulty. The following examples are illustrative. 

Vinyltrimethylsilane was readily hydroborated and converted to the 
corresponding alcohol. 14 Both p-chlorostyrene and p-methoxystyrene 
were converted to the corresponding alcohols ; the ^-substituents merely 
affected the ratio of the two isomeric alcohols produced. 13 Ethyl vinyl 
ether, 40 allyl methyl sulfide, 7 and allyl chloride 41 have been hydroborated. 
The organoborane derived from allyl chloride yields 3-ehloropropanol on 
oxidation. 41 On treatment with base, however, it cyclizes to cyclo- 
propane. 42 

OXIDATION OF ORGANOBORANES 

Whereas alkylboranes of low molecular weight are spontaneously 
flammable in air, tri-n-butylborane and higher homologs react with oxygen 
but do not inflame. Since air oxidation has not proved valuable in 
synthesis, it will not be discussed here. 

Perbenzoic acid reacts practically quantitatively with tri-n-butylborane 
in chloroform solution. All three alkyl groups are cleaved with the for- 
mation of n-butyl alcohol and boric acid. 5 

R 3 B + 3C„H 5 C0 3 H — R(OR) 3 + 3C g H s C 0 2 H 
B(OR) 3 + 3H 2 0 -v 3ROH + H 3 B0 3 

Aqueous hydrogen peroxide in the presence of dilute alkali effects a 
complete dealkylation of tri-n-butylborane. 43 The reaction was suggested 
as the basis of a convenient method for the determination of boron in 
organoboranes 6 and was later developed as an analytical procedure. 44 
However, the vigorous conditions used involved heating the organoborane 
with excess hydrogen peroxide and concentrated sodium hydroxide under 
reflux. 

Early applications of this reaction in the hydroboration-oxidation 
studies also utilized more vigorous conditions 1 than were subsequently 
found necessary. Hydrogen peroxide concentration, base concentration, 
and oxidation temperature can be varied widely without affecting the 
yield significantly. 6 The results are summarized in Table VI. 

Standard conditions for the oxidation were defined as follows: 16.6 
mmoles of tri-n-hexylborane in 40 ml. of diglyme was treated with 
15 mmoles of sodium hydroxide (5 ml. of 3 A solution), followed by the 

40 Mikhailov and Shchegoleva, Bull. Acad . Sex. USSR., Div. Chcm. Sci. (English Transl.), 
1059, 518. 

41 H. C. Brown and K. Keblys. Unpublished research. 

42 Hawthorne and Dupont, J . Am. Chem. Soc., 80, 6830 (1958); Hawthorne, ibid., 82, 1880 
(1960). 

41 Snyder, Kuck, and Johnson, J. Am. Chem. Soc., 60, 105 (1938). 

44 Belcher, Gibbons, and Sykes, Mifoochim. Acta., 40, 76 (1952). 
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TABLE VI 


Effect of Hydrogen Peroxide Concentration, Base 
Concentration, and Temperature in the Oxidation 


Hydrogen Peroxide 
Added, % 
of Theory 

OF Tnl-n-HEXYLBOBANE 

Temp , 

NaOH, mmoles °C. 

Yield, % of 

1 -hexanol 

72 

45 

25-35 

80 

95 

45 

25-35 

97 

120 

45 

25-35 

98 

150 

45 

25-35 

97 

100 

45 

25-35 

97 

100 

30 

25-35 

92 

100 

15 

25-35 

94 

100 

0 

25-35 

57 

100 

45 

0-5 

89 

100 

45 

25-35 

97 

100 

45 

50-55 

96 

100 

45 

75-80 

97 

slow addition of 60 mmoles of hydrogei 

i peroxide, 20% excess (6.0 ml of a 

30% solution) The amount of I-hexanol obtained was 

determined by 


gas-liquid partition chromatography. The oxidation was achieved equally 
well in tetrahydrofuran. In diethyl ether, however, reaction was more 
sluggish, presumably because of the immiscibihty of the solvent with 
water. The addition of ethanol as a cosolvent circumvented this difficulty 
and the yield under these conditions was 98 %.• 

As indicated in Table VII, wide variations in the structure of the 
organoborane do not affect the oxidation greatly. 


Organoborane 

(OT 

[<CHj) 3 CCHjCH( 

CH(CH 

I 

(CH,) 3 CCH 

CHj 

I 

(CHjljCHCH— 
(C.HjCHjCHj— ) ; 


TABLE VII 

r Structure Upon Oxidation 
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Numerous substances, such as olefins, dienes, acetylenes, esters, ketones, 
and nitriles, may be present without influencing the yield of alcohol or 
undergoing any reaction themselves. The results with such additives 
present are summarized in Table VIII. 


TABLE VIII 


Effect of Added Substances (50 mmoles) on the Oxida- 
tion OF Tm-n-HEXYLBOJlANE (16.6 mmoles) 


Substance Added 
1 -Hexene 

1 , 3-Cyclohexadiene 
1 -Hexyne 
Isobutyraldehyde 
Ethyl acetate 
n-Butyl bromide 
Acetonitrile 


Recovery of Added 
Substance After 

Yield, % of 

Oxidation, % 

n - hexanol 

96 

95 

96 

95 

92 

100 

63 

97 

92 

95 

93 

99 

97 

99 


Although no detailed kinetic studies of the oxidation reaction of alkyl- 
boranes have been reported, Kuivila and co-workers have studied the 
related reaction of benzeneboronic acid with hydrogen peroxide . 45 The 
following mechanism was proposed. 

H 2 O z + "OH ^ H0 2 “ + H 2 0 

c 6 h 5 

HOB + -0 2 H — 

I 

OH 

Wechter proposed an identical mechanism for the oxidation of the alkyl- 
boron bond . 9 

A -o„h 

I — 

R—B— OH 

In this mechanism the group R shifts with its pair of electrons from 
boron to oxygen. This is consistent with the retention of configuration 
observed in the hydroboration-oxidation of cyclic olefins. 

Organoborancs can be oxidized to ketones by chromic acid . 46 The use 

45 Kuivila, J. Am. Chem. Soc., 76, 870 (1954); 77, 4014 (1955); Kuivila and Wiles, ibid., 
77, 4830 (1955); Kuivila and Armour, ibid., 79, 5659 (1957). 

45 Pappo, J. Am. Chem. Soc., 81, 1010 (1959). 


R 


R 


B — O— OH 


OH 


RBOR 

-> | + OH- 

OH 


c 6 h 5 


HOB OOH 

I 

OH 


HOBOC 6 H 6 + OH- 

- I 

OH 
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of this reagent makes it possible to go from a cyclic olefin such as cyclo- 
hexene to the corresponding ketone, cyclohexanone, m satisfactory yield 
without isolating the secondary alcohol. 47 

oc n>a° 


EXPERIMENTAL CONDITIONS 

The preparation and handling of organoboranes require techniques and 
precautions similar to those used for the Grignard reaction. Although the 
necessity for a nitrogen atmosphere has not been established, hydro- 
boration reactions are normally carried out under nitrogen It is con- 
venient to transfer solutions of diborane and dialkylboranes by means of a 
hypodermic syringe 

Earlier reports have stressed the hazardous nature of diborane. How- 
ever, during the exploration of the hydroboration reaction no difficulties 
have been encountered m the preparation and handling of dilute solutions 
of diborane and dialkylboranes Even when solutions of diborane or 
dialkylboranes in tetrahydrofuran or diglyme were exposed to air, they 
did not inflame spontaneously but were slowly oxidized Nevertheless, 
adequate ventilation is recommended 

Hydroboration With Diborane Generated in Situ 

In this procedure an acid is added slowly in an inert atmosphere to a 
mixture of the unsaturated compound and the hydride in an appropriate 
solvent. Since no diborane is liberated, the method possesses many 
advantages for large-scale preparations where the presence of the hydride 
and the inorganic reaction product, e g., sodium borofluoride, offers no 
difficulty Therefore it is most useful when the organoborane is desired 
simply as an intermediate for further reaction. 

Sodium borohydride is essentially insoluble in common ether solvents, 
but readily soluble in diglyme (dimethyl ether of diethylene glycol) and 
triglyme (dimethyl ether of triethylene glycol) Consequently, these 
solvents are used with sodium borohydride. 48 However, numerous pro- 
cedures have been developed for utilizing metal hydrides and complex 
hydrides in the preparation of diborane and related reactions so as to 
avoid the necessity for a particular solvent or reagent. 49 

*7 Brown and Garg, J Am Chcm Sec , 83, 2951 (1981). 

« Brown, Jfcarf, and Sabbs J. Art Vicnc.Soc, 77. 6S09 (IffSt 

7* Brown, K, J. Murray, L J Murray, Snover, and Zweifel, J. Am Chcm. See , 82, 4233 
(1960). 



26 


ORGANIC REACTIONS 


Lithium borohydridc is readily soluble in diethyl ether and tetrahydro- 
furan as well as in other ether solvents. In diethyl ether the essentially 
quantitative hydroboration of 1-octene was achieved with boron trifluoride 
etherate, hydrogen chloride, and sulfuric acid. Lithium borohydride 
requires only sufficient boron trifluoride to convert the lithium to lithium 
fluoride. 

12RCH=CH 2 + 3LiBH 4 + BF 3 — 4(RCH 2 CH 2 ) 3 B + 3LiF 

9RCH=CH 2 + 3LiBH 4 + 3HC1 — 3{BCH 2 CH 2 ) 3 B + 3LiCl + 3H 2 

Sodium borohydride is soluble in diglyme and triglyme, and the hydro- 
boration reactions with boron trifluoride etherate, hydrogen chloride, or 
sulfuric acid proceed rapidly and quantitatively at room temperature. 

Although the solubility of sodium borohydride in tetrahydrofuran is 
small, the hydroboration of an olefin is readily achieved by treating with 
boron trifluoride a suspension of sodium borohydride in tetrahydrofuran 
containing the olefin. 49 - 50 Alternatively, a solution of diborane in tetra- 
hydrofuran can be prepared by treating a suspension of sodium boro- 
hydride in that solvent at 0° with hydrogen chloride. Hydroboration is 
then accomplished by adding the olefin to this solution. 

Finally, it is possible to utilize diethyl ether as the solvent by introducing 
10 mole % of anhydrous zinc chloride to catalyze the reaction between 
sodium borohydride and boron trifluoride etherate. 

12RCH=CH 2 + 3NaBH 4 + 4BF 3 4(RCH 2 CH 2 ) 3 B + 3NaBF 4 

Potassium borohydride, although only slightly soluble in triglyme and in 
tetrahydrofuran, can be utilized as a suspension in these solvents. A 
potassium borohydride suspension in triglyme mil react directly with 
boron trifluoride etherate, while a suspension in tetrahydrofuran will 
react with lithium chloride to form the soluble lithium borohydride. 51 
The latter can be utilized for the hydroboration. 49 

KBH 4 (susp.) + LiCl — LiBH 4 + KC1 
12RCH=CH 2 + 3LiBH 4 + BF 3 4(RCH 2 CH 2 ) 3 B + 3LiF 

Lithium alumimim hydride with boron trifluoride etherate appears to be 
a convenient Teagent for hydroboration in diethyl ether . 52 - 53 

12RCH=CH a + 3LiAlH 4 + 4BF 3 4(RCH 2 CH 2 ) 3 B + 3LiAlF 4 

60 Schubert and Lang, Angew. Chem., 72, 994 (I960). 

61 Paul and Joseph, Bull. Soc. Ghim. France , 1952, 550. 

62 Wolfe, Nuesim, Mazur, and Sondheiraer, J , Org. Chem., 24, 1034 (1959). 

iS Sondheimer and Wolfe, Can. J. Chem., 37, 1870 (1959). 
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TABLE IX 


Convenient Procedures tor Hydroboration with 
Various Hydride Reagents 49 








1-Octene, % 


Hydride 


Molar Ratio 


reacted in 

Solvent 

Source 

Acid 

Hydride 

• Acid : 

Olefin 

1 hr. at 25“ 

Dvgtyme 

NaBH 4 

BF, 

3 

4 

12 

99 



BClj 

3 

4 

12 

98 



A1C1, 

3 

1 

9 

59 



HC1 

2 

2 


94 



H,S0 4 

2 

1 

6 

91 



CHjI 

2 

2 

6 

95 

THF" 

NaRH, 

BFj 

3 

4 

12 

99 

Diethyl 

NaBHJZnCl, 

BF, 

3 

4 

12 

94 

ether 






THF 

KBHJLiCl 

BF, 

3 

1 

12 

83 

Diglyme 

LiBH 4 

BF, 

3 

4 

12 

98 



BClj 

3 

1 

12 

92 

THF 

LiBHj 

BF, 

3 

1 

12 

99 



HC1 

2 

2 

6 

95 



h,so 4 

2 

1 

6 

99 

Diethyl 

LiBH 4 

BF, 

3 

1 

12 

87 

ether 


HC1 

2 

2 

6 

95 



H s S0 4 

2 

1 

6 

92 


LiA1H 4 

BF, 

3 

4 

12 

80* 



BC1, 

3 

4 

12 

95 

Diglyme 

NaH 

BF, 

8 

8 

6 

99 

THF 

NaH 

BF, 

6 

8 

6 

99 

Diglyme 

LiH 

BF, 

6 

8 

0 

95 

THF 

LiH 

BF, 

6 

6 

6 

95 

Diethyl 

LiH 

BF, 

6 

8 

6 

93 

ether 

Benzene 

C,H s N'BH 3 

BF, 

, 

1 

3 

90* 


“ THF is tetrahydrofuran. 

* Cyclohexene was the olefin in this experiment 63 
‘ This experiment was ran for 16 hours at 75”. 


The most convenient hydroboration procedures are summarized in 
Table IX. It is to be noted that lithium borohydride in tetrahydrofuran 
or in diethyl ether requires less boron trifluoride than does sodium boro- 
hydride or lithium aluminum hydride. 

Hydroboration With Dlborane Generated Externally 

Hydroboration with diborane produces the organoborane in essentially 
quantitative yield and free of inorganic salt or o ther by-products . In this 
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procedure, diborane, prepared by the addition of sodium borohydride in 
diglyme to boron trifluoride etherate, is passed into a solution of the olefin 
in an ether solvent. Tetrahydrofuran has two distinct advantages as a 
reaction medium : it is an excellent solvent for diborane, and it is readily 
distilled from the reaction products. 

Sodium borohydride in diglyme absorbs a half-molar equivalent of 
diborane, forming sodium diborohydride (NaBH 4 -BH 3 or NaB 2 H 7 ). M 
Because of the formation of this species, the addition of boron trifluoride 
etherate to a diglyme solution of sodium borohydride does not liberate 
diborane until nearly half of the acid has been added. Consequently, 
to generate diborane smoothly it is preferable to add the solution of sodium 
borohydride to an excess of boron trifluoride in diglyme. 

3NaBH 4 + 4BF 3 2B 2 H C + 3NaBF 4 
12RCH=CH 2 + 2B 2 H 6 -v 4(RCH 2 CH 2 ) 3 B 

Alternatively, a 131 solution of diborane in tetrahydrofuran may be 
prepared and then utilized for the hydroboration. Such solutions can be 
kept at 0-5° for several weeks without significant change in the diborane 
concentration. 

Solvents 

In order to avoid losses of active hydride in the hydroboration stage, it 
is important that the solvents be free of water and peroxides. 

Diglyme (dimethyl ether of diethylene glycol, b.p. 162°) (Ansul Chemical 
Co.) is purified in the following way: 1 1. of diglyme is stored over 10 g. of 
small pieces of calcium hydride for 12 hours. The diglyme is then decanted 
into a distilling flask and sufficient lithium aluminum hydride is added 
to ensure an excess of active hydride. The solvent is distilled at 
62-63°/15 mm. 

Triglyme (dimethyl ether of triethylene glycol, b.p. 212°) is purified as 
described for diglyme. The solvent is distilled at 107-108°/15 mm. 

Tetrahydrofuran (pure grade) is treated with lithium aluminum hydride 
as just described, then distilled at atmospheric pressure; b.p. 66-67°. 
Diethyl ether (anhydrous reagent grade) is utilized without purification. 
In order to inhibit peroxidation during storage of these solvents, it is 
advantageous to add 0.01 % of sodium borohydride. 

Boron Trifluoride Etherate 

Boron trifluoride diethyl etherate, 500 ml., is treated with 10 ml. of 
anhydrous diethyl ether (to ensure an excess of this component) and 

Brow n anti Tierney, J. Am. Chtm. So f., 80, 1552 (1058). 
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distilled in an all glass apparatus at 46®/10mm. from 2g. of granular 
calcium hydride The hydride removes small quantities of volatile acids 
and greatly reduces bumping during the distillation The density of the 
product at 25° is 1 125 

Metal Hydrides 

Sodium borohydnde (98%) from Metal Hydrides, Inc., may be used 
without purification. Commercial lithium borohydride and potassium 
borohydnde were used without purification after analysis for active 
hydrogen 

EXPERIMENTAL PROCEDURES 
Procedures in Which Dlborane Is Generated in Situ 

The apparatus consists of a three-necked flask equipped with a con- 
denser fitted with a calcium chloride tube, a pressure-equalising dropping 
funnel, a thermometer, and a stirrer (a magnetic stirrer may be utilized 
for small-scale experiments). The apparatus is dried in an oven and 
assembled under dry nitrogen Alternatively, it can he flamed dry in a 
stream of dry nitrogen 

To the flask are added the olefin and the hydride in an appropriate 
solvent. A 10-20% excess of the hydride is generally used. A quantity 
of acid, equivalent to the hydride used and generally in a solvent, is added 
dropwise in a nitrogen atmosphere. After completion of the addition, the 
excess hydride is carefully decomposed by water or ethylene glycol. The 
organoborane obtained can be oxidized in situ with alkaline hydrogen 
peroxide 

Isopinocampheol from a-Pinene (Use of Sodium Borohydride 
and Boron Trifluoride Etherate in Diglyme). 11 55 In a 300-mi. flask 
are placed 82 5 ml. of a 1 M solution of sodium borohydnde in diglyme 



{10% excess) and 27.2 g of ct-pmene (0 20 mole; nf? 1 4648, [a]f,° +46 8°) 
in 20 ml of diglyme The flask is immersed in a water bath (~20°). 
From the dropping funnel 14 ml of boron tnfluonde etherate (15 62 g , 
0 11 mole) is added drop-wise to the stirred reaction mixture over a period 

** H C Brown, K P Singh, ind G Zweife] Unpublished research 
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of 30 minutes, while the temperature is maintained at 20-25°. The flask 
is kept for 1 hour at this temperature. Excess hydride is then decom- 
posed by the careful dropwise addition of 20 ml. of water. 

The organoborane (P^BH) is oxidized at 30-50° by the immediate 
addition of 22 ml. of 3 N sodium hydroxide, followed by the dropwise 
addition of 22 ml. of 30% hydrogen peroxide. The reaction mixture is 
left for 1 hour at room temperature and is then extracted with 150 ml. of 
ether. The ethereal extract is washed five times with equal amounts of 
ice water to remove diglyme, and dried over anhydrous magnesium sulfate. 
The product obtained after removal of the solvent is crystallized from 
a small amount of petroleum ether (35-37°). There is obtained 24.3 g. 
(79%) of isopinocampheol : m.p. 55-57°, [a]ff —32.8° (c, 1 % in benzene). 

4-Methyl-l-pentanol from 4-Methyl-l-pentene (Use of Sodium 
Borohydride and Boron Trifluoride Etherate in Tetrahydrofuran). 40 
To a well-stirred suspension of 3.4 g. (90 mmoles) of pulverized sodium 
borohydride in 150 ml. of tetrahydrofuran containing 25.2 g. of 4-methyl- 
1-pentene (0.30 mole; nf, 0 1.3830) is added 15.1 ml. of boron trifluoride 
etherate (17.0 g., 0.120 mole) in 20 ml. of tetrahydrofuran over a period of 
1 hour, while the temperature is maintained at 25°. The flask is kept an 
additional hour at 25° before the excess hydride is decomposed with water. 

The organoborane is oxidized at 30-40° (water bath) by the addition of 
32 ml. of a 3 N solution of sodium hydroxide, followed by the dropwise 
addition of 32 ml. of 30% hydrogen peroxide. The reaction mixture is 
saturated with sodium chloride. The tetrahydrofuran layer formed is 
separated, and then washed with saturated aqueous sodium chloride. The 
extract is dried over anhydrous magnesium sulfate. 

Distillation furnished, after removal of the tetrahydrofuran, 24.5 g. 
(80%) of 4-mcthyl-l-pentanol, b.p. 151-153°/735 mm; nf>° 1.4140. 

2,4,4-Trimethyl-l-pentanol from 2,4,4-Trimethyl-l-pentene 
(Use of Lithium Borohydride and Sulfuric Acid in Tetrahydro- 
furan). 49 In a 500-ml. flask are placed 2.62 g. of lithium borohydride 
(0.12 mole), 33.6 g. of 2,4,4-trimethyl-l-pentene (0.30 mole, 1 .4807), 
and 170 ml. of tetrahydrofuran. Concentrated sulfuric acid (5.88 g.. 
60 mmoles) in 42 ml. of diethyl ether is added over a period of 1 hour to 
the lithium borohydride-olefin solution, the temperature being maintained 
at 25° . The reaction is permitted to proceed for an additional hour at room 
temperature, and then the excess hydride is decomposed with -water. 

The organoborane is oxidized at 20-40° (water bath) by the addition of 
32 ml. of a 3 N solution of sodium hydroxide, followed by the dropwise 
addition of 32 ml. of 30 % hydrogen peroxide. The tetrahydrofuran-ether 
layer is separated, washed with water, and dried over anhydrous magnesium 
sulfate. 
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The product obtained after removal of the solvent furnishes on distilla- 
tion 31.6 g (81 %) of 2,4,4-tnmethyl-l-pentanol, b p 165-1667748 mm , 
1 4214. 

Cyclohexanol from Cyclohexene (Use of Lithium Aluminum 
Hydride and Boron Trifluorlde Etherate in Diethyl Ether). 53 In 
a flask are placed 3 4 g. of boron trifluoride etherate (24 mmoles), 4 g of 
cyclohexene (49 mmoles), and 100 ml of diethyl ether. A solution of 
0 7 g. (18 mmoles) of lithium aluminum hydride in 70 ml of ether is added 
to the olefin-boron tnfluonde mixture during 20 minutes. The mixture is 
stirred at room temperature for 2 hours, and then the excess hydride is 
decomposed by slowly adding 20 ml. of acetone A saturated solution of 
sodium sulfate is added, followed by solid sodium sulfate The mixture is 
Altered, and the clear filtrate evaporated. 

The residue is dissolved in 30 ml of 90% ethanol containing 0 8 g of 
sodium hydroxide, and 10 2 ml of 20% hydrogen peroxide is added with 
stirring during 5 minutes The temperature of the reaction mixture rises 
to about 70® It is maintained at this temperature for 5 minutes longer 
by externa! heating, and the flask is then cooled Water and ether are 
added, and the ether extract is washed with water, dried, and evaporated. 
On distillation there is obtained 40g (82%) of cyclohexanol, bp. 
161-162°, «g> 1 4656 

Procedures In Which Diborane Is 
Generated Externally (Fig. I) 

exo-NorborneoI from Norbornene. 11 - 5 * A dry 500 ml three-necked 
flask is equipped with a thermometer, a condenser connected to a mercury 
bubbler containing acetone (T-tube dipping in mercury), and a sintered 
glass dispersion tube A tube from the condenser outlet dips below the 
surface of some mercury m a side arm test tube Above the meicury is a 
layer of acetone which serves to destroy escaping diborane by reacting 
with it to form dusopropoxyborane, [(CH s ) a CIIO] 8 BH 

A solution of 28 2 g (0 30 mole) of norbornene, m p 45°, in 100 ml of 
tetrahydrofuran is placed in the flask The dispersion tube (completely 
immersed in the tetrahydrofuran olefin solution) is connected with Tygon 
tubing to a 300-ml two- (or three- )necked flask serving as the diborane 
generator 

The generator is equipped with a pressure equalizing dropping funnel 
(serving alternatively as an inlet for nitTogen) containing 90 ml of a 1 Af 
solution of sodium borohydride in diglyme (3 4 g , 20% excess) In the 
generator is placed 23 ml of boron tnfluonde etherate (25 5 g , 0 18 mole, 

50 % excess) in 20 ml of diglyme 

to H C Brown, S Xbtnda, and G ZooifeJ ITii|hi Mis boil reraicli 
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Diborane is generated by the dropwise addition of the sodium boro- 
hydride solution to the stirred boron trifluoride etherate-diglyme solution. 
The gas is passed into the olefin-tctrahydrofuran solution (maintained at 
20°) by applying a slight flow of dry nitrogen through the generator. 



Fig. 1. 


After completion of the sodium borohydride addition (1 hour), the gener- 
ator is heated for 1 hour at 70-80', the nitrogen flow being maintained 
to ensure the complete transfer of the diborane to the hydroboration 
flask. The generator is allowed to cool to room temperature and is then 
disconnected from the hydroboration flask. 

The excess hydride in the hydroboration flask is decomposed by the 
careful addition of 20 ml. of water. The organoborane is oxidized at 
30-50° (water hath) by the addition of 32 ml. of 3 A sodium hydroxide, 
followed by dropwise addition of 32 ml. of 30% hydrogen peroxide. 
During the oxidation, efficient stirring is maintained. The reaction 
mixture is stirred for an additional hour, then 100 mL of diethyl ether is 
added. The organic phase is separated, the aqueous phase is saturated 
with sodium chloride and then extracted twice with 50-ml. portions of 
ether. The combined extracts are washed twice with 50-ml. portions of 
saturated sodium chloride solution and dried over anhydrous magnesium 
sulfate. 

The product obtained after removal of the solvent is crystallized from a 
small amount of petroleum ether to furnish 24.4 g. (74 %) of exo-norbomeol, 
m.p. 126-127° after sublimation. 

2,3-Dimethyl-l,4-butanediol from 2,3-Dimethylbutadiene (Prep- 
aration and Use of a Solution of Diborane in Te trahyd rofuran) r 3 
A. Preparation of a Solution of Diborane in Tetrahydrofuran. The 
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experimental conditions and the apparatus utilized are described on 
p. 32 

In a 1-1 flask with a side arm capped by a rubber septum to permit the 
removal of material is placed 500 ml of tetrahydrofuran The flask is 
immersed in an ice bath. Diborane, generated by the addition of 950 ml. 
of a 1 M solution of sodium borohydride in diglyxne to 1.90 moles of boron 
trifluoride etherate (50% excess), is passed through a solution of sodium 
borohydride (to remove traces of boron trifluoride) into the tetrahydro- 
furan 

Determination of the boron by titration and hydride by hydrolysis 
shows that the solution is ~1 03/ in diborane. The concentration of the 
diborane does not change significantly over a period of several weeks 
when the solution is kept under nitrogen at 0°. 

B Hydroboration-Oxidation In a 300-ml. flask is placed 8 2 g. 
(0 10 mole) of 2,3-dimethyl-l,3-butadiene in 100 ml of tetrahydrofuran. 
The flask is immersed m an ice bath. Fifty milliliters of a 1 M solution of 
diborane in tetrahydrofuran is added slowly to the diene-tetrahydrofuran 
solution After the addition the flask is kept for 30 minutes at room 
temperature, and the excess hydride is decomposed by the careful addition 
of water 

The organoborane is oxidized at 30-50° (water bath) by the addition of 
24 ml. of 3 N sodium hydroxide, followed by the dropwise addition of 
24 ml of 30% hydrogen peroxide. After 1 hour at room temperature, 
75 g of potassium carbonate is added with moderate stirring The tetra- 
hydrofuran layer is separated, and the aqueous phase extracted twice with 
30-ml portions of tetrahydrofuran. The extracts are combined and dried 
over anhydrous magnesium sulfate. 

The solvent is removed and the product is distilled The yield of 
2,3-dimethyl-l,4-butanediol (b p 105-106°/2 mm , n|p 1 4563) is 7.8 g 
(66%) 

n-Octanal from 1-Octyne [Preparation and Use of Bis-(3- 
methyl-2-butyl)borane]. 5 A. In a three- necked flask are placed 
33 6 g of 2-methyl-2-butene (0 48 mole) and 180 ml of a 1 M solution 
of sodium borohydride in diglyme. The flask is immersed in an ice bath. 
Boron trifluoride etherate, 0 24 mole, is added dropwise to the reaction 
mixture, efficient stirring being maintained. The flask is permitted to 
remain for 2 hours at 0° and is then placed in an ice-salt bath. 

B To the reagent (0 24 mole) prepared in A, 22 Og. (0 20 mole) of 
1-octyne in 20 ml of diglyme is added as rapidly as possible while the 
temperature is maintained at 0-10° The reaction mixture is permitted to 
warm to room temperature to complete the hydroh oration. 

The organoborane is oxidized at 0° by the addition of 150 ml. of a 15% 
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solution of hydrogen peroxide, while the pll of the reaction mixture is 
maintained at 7-8 by the controlled addition of 3A T sodium hydroxide. 
The reaction mixture is then neutralized and steam distilled. The 
distillate is extracted with ether and the extract dried over anhydrous 
magnesium sulfate. Distillation yields 1S.0 g. (70%) of n-octanal, b.p. 
83-85°/33 mm., ?if,° 1.4217. 

( + )-2-Butanol from cis-2-Butene (Preparation of Diisopino- 
campheylborane and Use in Asymmetric Synthesis). 17,57 A. In 
a 500-ml. flask fitted with a condenser, a pressure-equalizing dropping 
funnel, and a thermometer arc placed 75 ml. of lilf sodium borohydridc 
(2.85 g.) in diglyme and 27.2 g. (0.2 mole) of ( — )-a-pinene, [a]^° —47.8°) 
in 100 ml. of diglyme. The flask is immersed in an ice bath nnd 12. G ml. 
(14.2 g., 0.10 mole) of boron trifluoride etherate is ndded dropwise to the 
well-stirred reaction mixture. Stirring is continued for 4 hours at 0-5°. 
The diisopinocampheylboranc separates as a thick white precipitate. 

B. cis-2-Butcno (8.5 ml., 0.1 g., 0.11 mole) is condensed at —78° and 
then introduced to the well-stirred diisopinocampheylboranc. The reac- 
tion flask is equipped with a cold trap in order to minimize the loss of 
cfs-2-butenc. The reaction mixture is stirred for 2 hours at 0-5°, then 
allowed to warm to room temperature (2 hours). The excess hydride is 
decomposed by the addition of 10 ml. of water. 

The organoborano is oxidized at 30-50° (water bath) by the addition of 
32 ml. of 3A T sodium hydroxide and 32 ml. of 30% hydrogen peroxide. 
The temperature is maintained at 45° for an additional hour. 

The reaction mixture is extracted with three 100-ml. portions of ether. 
The combined extracts are washed with saturated aqueous sodium chloride 
and dried over anhydrous magnesium sulfate. The ether is removed and 
the product distilled. There is obtained 6.15 g. (83%) of 2-butanol; 
b.p. 98°/725 mm., 1.3970 [a]J,° +11.0°. 

The isopinocampheol formed in this reaction is obtained in 92 % yield 
by distillation. 

3-Ethyl-l-pentanol from 3-Ethyl-2-pentene (Preparation and 
Isomerization of an Alkylborane). 58 A. To 50 ml. of diglyme 


(C 2 H 6 ) 2 C=CHCH 3 


CJHL 


L(C 2 H 5 ) 2 CHCH— 


BH 


Heat 


(O] 


[(C 2 H s ) 2 CHCH 2 CH 2 — ] 2 BH — > (C 2 H 6 )„CHCH 2 CH 2 OH 


cooled in an ice bath is added 25 ml. of boron trifluoride etherate. The 
ether is removed by applying a vacuum of 5-10 mm. for 20 minutes while 
the flask is kept at 20-25°. The resulting boron trifluoridc diglymate is 

87 H. C. Brown, N. U, Ayyangar, and G. Zwoifol. Unpublished rosonreh. 

68 H. C. Brown and G. Zwoifol, Unpublishod rosoaroh. 
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HYDRATION* VIA HYDROBORATION* 



5 Deoxy 1,2 O isopropyl- 
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Note: References 59 to 70 are on p. 54. 
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Hydroboration-Oxidation of Dienes 
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INTRODUCTION 

This chapter reviews methods for the generation of halocarbenes and 
the reactions of the latter with unsaturated substrates. Chemical trans- 
formations of the derived halocyclopropanes are discussed in sufficient 
detail to demonstrate the synthetic utility of this class. A number of 
review articles have appeared which discuss carbenes in general and which 
include some of the halocarbene reactions. 1-40 Other chemical reactions 
that probably proceed by way of dihalocarbenes, such as the Reimer- 
Tiemann reaction 8 and the Hofmann isonitrile synthesis, 1 2 3 4 * 6 ’ 7 are not included 
in this review. 

The formation of dihalocyclopropanes from dihalocarbenes was first 
accomplished in 1954 by Doering and Hoffmann, 8 who used chloroform and 



potassium i-butoxide to generate the dichlorocarbene. Since that time, 
a variety of other methods have been developed for the generation of 
halocarbenes. They are illustrated by the following equations. 

1 Knunyants, Gambaryan, and Rokhlin, Uapekhi Khim., 27, 1361 (1958) [C.A 53, 5107 
(1959)]. 

2 Kirrose, Angtw Chem, f 71, 537 (1959). 

3 Vogel, Angtw Chem., 72, 4 (1660). 

4 Kirmse, Angtw Chem., 73, 161 (1961). 

40 Leitlich, Oesterr. Chemiktr Z., 61, 164 (1960). 

1 Wynberg, Chem . Revs., 60, 169 (1960). 

6 Smith and Kalenda, J . Org . Chem., 23, 1599 (1958). 

7 Frankel, Feuer, and Bank, Tetrahedron Letters , 7, 5 (1959). 

Doering and Hoffmann, J . Am. Chem . Soc., 78, 6162 (1954). 



HALOCYCLOPROPANES FROM HALOCARBENES 67 

CHClj + KOC t H t -i -> .00, + KO + H0C 4 H»-1 (Ref. 8) 

BrCCl, + LiC 4 H,-n -* Kid, + LiCl + n-C 4 H,Br (Ref. 9) 

01, CH, + LiC,H,-n ^ rCHCl + LiCl + n-C 4 H ]0 (Ref. 10) 

Cl,CCOCCI, + 2RO© -► 2:CC1, + (RO),CO + 2C1© (R e f 11) 

CI,CCOpJa - CC1, + NaCl + CO, (Ref. 12) 

Cl,CCO,R + RO© — :CC1, + (RO),CO + Cl© (Ref. 13) 

C*H s HgCCl, - .CC1, + C,H s HgCl (Ref. 13a) 

STRUCTURE AND MECHANISM 

The halocarbenes are not isolated as such, but the weight of present 
evidence is that they are in fact low-energy intermediates along the path 
from the reactants to the products The postulated structure of the 
dichlorocarbene intermediate is that shown. 1414 The trigonal carbon 



atom is considered to have two covalent bonds joining it to the halogen 
atoms, a pair of electrons having antiparallel spins (singlet state) and an 
unoccupied p-orbital. It is probable that considerable stabilization of 
this structure is the consequence of overlap of the unshared p-electrons of 
the halogen atoms with the vacant p-orbital. 14 18-19 Overlap from fluorine 
is more effective than from chlorine, 20 and as a result difluorocarbene 
appears to be substantially less reactive than dichlorocarbene. 211 ll ~ S4 

• Milter and Kun, J. dm Chem. Soc . 81. SODS (IMS). 

•" Closs and Cloes, J. Am, Che m Son , gl, 4996 (1959). 
i' Grant and Caasir. J. Org Chem , 26. 1433 (1M0) 

" W M Wagner, J’roc. Chem Soc , 1959, 529 
>• Parham and Schweizer, J. Org Chem , 24. 1733 (1959) 

*>« Seyferth, Burliteh, and Keeren, J Org. Chem , 27, 1491 (1962). 

14 Skell and Gamer, J. Am. Chem Soc . 78, 5430 (1956). 

»« shell and Woodworth, J Am. Chem Sue , 78, 4498 (1956); 79. 6577 (1957) 

14 Hme and Ehrenaon, J. Am Chem Soc . 89, 824 (1958). 
it Huns, J Am Chem. Soc , 72. 2438 (IS50). 

»• Skell and Etter, Chem. * Ini (London), 19S8. 624. 
it venkateswarlu. Phg> Bev., 77, *7* 0*60). 

•e Hme and Roeeeup, J Am Chem Soc . 82, 6115 (1960). 

ll T . f „d Andrew*, and Barrow, Trane Faraday Soc , 46, 803 (1950). 

ii Margrave and Wieland, J Chem Phge , 21, 1552 (1853). 

** Duchesne and BumeUe. J Chem. Phge . 21. 2005 (1953) 

•• Framer Chem Bee . 85, 1984 (»«*)- 
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The addition of dihalocarbenes to olefins has been shown by Shell 14 and 
by Doering 25 to be a stereospecific cis addition. (See also pp. 65-66.) 
This work supports the view that the addition is a concerted three-center 
process. To be stereospecific, a stepwise process leading to a charge- 
separated intermediate would require that this intermediate collapse to 





\ 

X 


the cyclopropane faster than rotation could occur about a C — C single 
bond. The stereospecific character of the reaction also supports the view 
that dihalocarbenes exist in the singlet ground state. 26-28 


PREPARATION OF HALOCARBENES 

Alkoxide-Haloform Reactions. In 1854, Williamson studied the 
reactions of chloroform with ethanolic sodium ethoxide and isolated 
triethyl orthoformate as the principal product. 29 This study was followed 
by a number of others that dealt with the reactions of haloforms with 
alkoxides and alcohols 30 - 31 and with heterocyclic nitrogen compounds. 32-35 
In 1S62, Geuther 30 postulated a dichlorocarbon intermediate, a concept 
generally accepted by chemists. 37-43 


88 Popring nnd LnFlammc, J. Am. Chcm. Soc. t 78, 5447 (1956). 

5 * Woodworth and Skcll, J. Am. Chtm . Soc., 81, 3383 (1959). 

17 Ettpr, Skovronek, and Skell, J. Am. Chcm. Soc. , 81, 1008 (1959). 

88 Parham and Hasek, J. .4m. Chcm. Soc., 76, 935 (1954). 

Williamson, Proc. Poy.Soc. (London), 7, 135 (1854). 

50 BoKsott, Ann., 132, 54 (1864). 

81 GorbofF and Kessler, J. Prcilct. Chcm., [2] 41, 224 (1890). 

32 Ciamicinn, llcr., 37, 4231 (1904). 

85 Mngrmnini, Per., 20, 2603, (1887); Gazz. Chim. Ital. , 17, 246 (1887). 
81 Zanetti and Iv>vi, Gazz. Chim. Ital., 24 [II), 111 (1804). 

8V Borrhi, Gazz. Chim. Ital., 30 [1], 89 (1900). 

*« Gruilwr, Ann., 123, 121 (1862). 

87 Ciamician and Dennstpdt, Per., 14, 1153 (1881). 

’* Urbiun, Pull. Soc. Chim. Prance, [4) 51, 833 (1932). 

58 Tchakirinn, Pull, Soc. Chim. Prance, [4] 51, 846 (1932). 

4 * Urbain, Pull. Soc. Chim. Prance, [4] 53, 637 (1933). 

41 .Vorwkfc. Chen., 29, 573 (190S). 

41 Tbi'd" and D<wit, ,4rm., 302, 273 (1898). 

41 Nrf. J. Am. Clem. Soc., 30, 645 (1908). 
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Interest in this reaction was renewed in 1950 when Hine published the 
first of a senes of papers in which he elucidated the mechanism of haloform- 
base reactions. 14 17 ■ 44-47 Hine postulated an initial fast attack of base on 
chloroform to give the tnehloromethyl anion and the conjugate base 
The tnehloromethyl anion then slowly decomposed to give dichlorocar- 
bene 47 

B© + HCClj CCl, + BH 

O Slow . 

CClj >. :CCi, + Cl© 

Further studies revealed that haloforms having two fluorine atoms tended 
to form difhiococarbene by a concerted loss of a proton and a halide ion. 44 

B© + HCXF, — (B H • CF, • • X)© -► .CF, + BH + X® 

Hine and his co-workers have made extensive studies related to the 
hydrolysis of haloforms and the formation of halomethylenes from halo- 
forms. The relative rates of formation of carbamons from haloforms is 
CHI 3 ~ CHBr, > CHBfjCl > CHBrCl, — CHCL,I > CHBr 2 F > CHC1 3 > 
CHBrCIF > CHCljF, showing that a-halogen substituents facilitate car- 
banion formation in the order I Br > Cl > F 45 The kinetics of 
hydrolysis of a number of haloforms in dioxane-water established the 
following order CHBrCIF > CHBrClj > CHBr 2 Cl ~ CHCljI > CHBr, > 
CHC1 3 CHF 3 

The relative reactivities of the haloforms toward hydrolysis in aqueous 
solution have been correlated in terms of an equation based on the 
dihalomethylene reaction. 14 44 This equation uses the known earbanion 
formation rate constants and contains parameters for (1) the relative 
abilities of the various halogens to stabilize dihalomethylenes, (2) the 
relative ease with which halogens are separated as amons from the inter- 
mediate trihalomethyl anions, and (3) the earbanion character of the 
transition state for dihalomethylene formation. From the values of these 
parameters, halogens appear to facilitate dihalomethylene formation from 
CX 3 ° in the order F > Cl > Br > I, This order is attributed to the 
relative abilities of the halogens to supply electrons to the carbon atom. 
The parameters for the differences between the abilities of halogen to 
separate as anions (Br > I > Cl) are smaller and probably less significant. 

The formation of dichloro cyclopropanes from chloroform, an alkoxide, 
and an olefin is an excellent preparative procedure.* Potassium t-butoxide 

** Hine end Dengford, J. Am Chom. Soc^ TO, 3497 (1957). 

44 Hine, B unite, Hine, end Ler.gfcrd. J. Am Ckem.Soc , TO. 1406 (1937). 

Hine, Dowell, end Singley, J. Am. Ckom So c , 7S. 479 (1966) 

» Hine end Dowell, J. Am. Ckem Soc., 79, 7689 (1934). 

Hine end Froeeer, J. Am. CStm. Soe . 80. 4282 (193S). 
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is the base of choice. Other alkoxides can be employed, hut usually with 
lower yields. A competing reaction between dichlorocarbene and the 
alcohol formed in the reaction lowers the yield of cyclopropane, and this 
side reaction is slower with the more hindered alcohols. Negatively 
substituted olefins do not give cyclopropanes but react with the inter- 
mediate trihalomethyl anion. 48a 

The reaction of hromoform with potassium i-butoxide and an olefin 
leads to dibromocyclopropanes in good yield . 8-49-50 Fluoroform and 
iodoform do not, however, lead to the formation of analogous products; 
the iodoform is reduced to methylene iodide . 50 

The hydrolysis of mixed haloforms has been studied , 44-46-48-51-58 and 
mixed haloforms have been used in the preparation of cyclopropanes as 
illustrated by the accompanying equations. 




j^^jj + HCC1 2 F 



(Ref. 57) 


4Ba Bruson, Neiderhauser, Riener, and Hester, J. Am. Chem. Soc., 67, 601 (1945). 
48 Skell and Gamer, J. Am. Chem. Soc., 78, 3409 (1956). 

50 Parham, Reiff, and Swartzentruber, J. Am. Chem. Soc., 78, 1437 (1956). 

51 Skell and Starer, J. Am. Chem. Soc., 81, 4117 (1959). 

" Hin-: and Porter, J. Am. Chem. Soc., 82, 6118 (1960). 

53 Hine, Ketley, and Tanabe, J. Am. Chem. Soc., 82, 1398 (1960). 

54 Hine and Tanabe, J. Am. Chem. Soc., 80, 3002 (1958). 
ss Hine and Porter, J. Am. Chem. Soc., 79, 5493 (1957). 

54 Hine and Ketley, J. Org. Chem., 25, 606 (1960). 

57 Parham and Twelves, J. Org. Chem., 22, T 
5 ® Skell and Sandler, J. Am. Chem. Soc., 80, 



HALOCYCLOPROPANES FROM HALOCABBENES 6] 

The reaction of olefins with dihalomethane3 and an alkoxide leads to 
monohalocyclopropanes, 69-41 but the yields of adducts are poor The 
preferred method for generating monohalocarbenes is the reaction of 
dihalomethanes with an alkyllithium (see p 63) 

Alkoxide- Trlhalocarbon Carbonyl Reaction. The reaction of 
esters of trichloroacetic acid 13 62 63 or hexachloroacetone 11 ” with alkoxides 
in the presence of olefins leads to good yields of dichlorocyclopropanes 
No alcohol is formed in these reactions and the use of hindered alkoxides 
is not necessary. 

OR 

RO© + CljCCOgR ** C1 3 C— C— OR ^ CI3C© + (RO) a CO 
0© 

OR 

CljCCOCClj + RO© ** CljC— C— CC1, C1,C© + CljCCOjR 
o© 

CljC© - Cl© + CC1, 

The dialkyl carbonate formed may be separated from the product by 
extraction with sulfuric acid or by distillation. Of the two equivalents of 
dichlorocarbene available from hexachloroacetone only one is utilized 
effectively, probably because some is lost through reaction with alkoxide 
ion (see p 59). 

No comparable studies using tnhaloacctates or haloacetones other than 
chloro compounds have been reported. Esters of dihaloacetic acids do 
not lead to monohalocarbenes. Instead derivatives of dihalocarbcnes 
result, possibly as a consequence of an initial base-catalyzed dispro- 
portionation 62 63 

2Cl,CHC0jR > CIjCCOgR + C]CH,CO,It 

Pyrolytic Reactions. The thermal decomposition of gaits of tnhalo- 
acetic acids in 1,2-dimcthoxyethane or bis-(/J mcthoxjethjl) ether under 

*• Alexander, Hcmek. and Rod«r, J Am C*tm Soc , ?2. 3790 <l»50> 

*• Volpin. Kunanov, and Dulova. TUrahtdnm. (, 93 (1980) 

« DrnruMlit and Zimmrrmann. Br r , 18. 33)« (18SS) 
n Parham, Lo»w, . n d Schwnxer. J. Or] Chrm , 14. 1*00 (19J9). 

** Parham and Uxw. J. Or] CMrm . 83. 170* (10*9) 

Kadaba and Edward.. J. Or] Ckrm , *5, 1431 (1»S0). 
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reflux in the presence of an olefin leads to the formation of dihalocyclo- 
propanes. 12,65,66 These reactions are thought to occur as follows. 

XaCCO^l - XjCS A M+ + C0 2 
X 3 CS + M© — :CX 2 -f MX 

The yields of adducts are comparable to those obtained from haloforms. 
The method has been used for the generation of difluorocarbene 65 and is of 
special interest since it can be employed for the preparation of adducts of 
carbene acceptors that are sensitive to bases. 

Silver trichloroacetate undergoes a side reaction forming carbon mon- 
oxide and trichloroacetyl chloride. 67-69 

Another useful pyrolytic reaction is that of phenyltribromomethyl- and 
phenyltrichloromethyl-mercury which, when heated in benzene, give the 
corresponding dihalonorcarane adduct with cyclohexene in 88 % yield. 133 

A number of other pyrolytic procedures that may proceed via a dihalo- 
carbene have been reported. 70-77 These pyrolyses have been carried out 
in the absence of a carbene acceptor and result in products that could be 
derived from polymerization, dimerization, or disproportionation of 
several possible intermediates. 

Thermal decomposition of trimethyltrifluoromethyltin appears to pro- 
ceed via difluoromethylene since pyrolysis, alone or with tetrafluoro- 
ethylene, gives perfluorocyclopropane in high yield. 78 

CF 2 CF 2 

3(CH 3 ) 3 SnCF 3 - 3(CH,),SnF + \ / 

CF 2 

Thermal decomposition of certain halogeno-alkyl silicon compounds may 
also produce carbenes. Dichloronorcarane was obtained in 60 % yield by 
allowing cyclohexene to react with trichloromethylsilicon trichloride at 
250° . 79 

C5 Birch all. Cross, and Haszeldine, Proc. Chem. Soc., 1960, 81. 

Wagner, Kloosterziel, and van der Ven, Pec. Trav. Chitn ., 80, 740 (1961). 

67 Badea and Xenitzescu, Angexc Chem., 72, 415 (1960). 

63 loan, Badea, Cioranescu, and Xenitzeseu, Angexc Chem., 72, 416 (1960). 

69 Beckurts and Otto, Ber., 14, 576 (1881). 

70 Chambers, Clark, and Willis, J. Am. Chem. Soc., 82, 5298 (1960). 

71 Semeluk and Bernstein, J. Am. Chem. Soc., 79, 46 (1957). 

72 H a s zeldine and Young, Proc. Chem. Soc., 1959, 394. 

73 Atkinson and Atkinson, J. Chem. Soc., 1957, 2086. 

74 Atkinson, J. Chem. Soc., 1952, 2684. 

75 Park, Penning, Donning, Laucius, and McHamess, Ind. Eng. Chem., 39, 354 (1947). 

76 Fink and Bonilla, J. Phye. Chem., 37, 1135 (1933). 

77 Hodgtns and Haines, Can. J. Chem., 30, 473 (1952). 

78 Clark and Willis, J. Am. Chem. Soc., 82, 18S8 (1960). 

7 * Bevan, Haszeldine, and Young, Chem. Ind. (London), 1961, 789. 
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CI3CS1CI3 ■■ . . . ■ > ■ S1Q4 + :ca 2 

The reported isolation 80 of dichlorocarbene by pyrolysis of carbon 
tetrachloride has not been confirmed, however, difluoro methylene has 
been trapped at low temperature and identified as a product obtained by 
passage of radiofrcqueney discharge through certain fluorocarbons 81 

Alkyllithlum-Halocarbon Reactions. The reaction of an alkyllith- 
ium with certain carbon tetrahalide9 in the presence of an olefin gives 
derivatives of dihalo cyclopropanes * For example, dichloronorcarane has 
been prepared in 91 % yield from bromotrichloromethane and cyclo- 
hexene.* The reaction proceeds by initial halogen-Iithium exchange 
followed by loss of lithium halide to give the dihalocarbene. Difluoro- 
carbenc has also been prepared by this method from dibromodifluoro- 
methane 81 

RLi + BrCCIj - RBr + LiCCl, 

LiCCl, - LiCl + CClj 

Dihalocarbenes can also be prepared from an alkyllithium and a halo- 
form 83 

RLi + HCX, -» RH + LiCXj — LiX + CX, 

However, when this reaction was carried out in the presence of olefins 
relatively low yields of adducts resulted, and the reaction appears to be of 
little synthetic value 

The most important application of the alkylhthium-halocarbon reaction 
is its use for the synthesis of monochlorocarbene. 10 85 Closs and his 
co-workers have shown that this procedure is the best method for the 
synthesis of many monochlorocyclopropanes 

KCHjLi + CH2Q2 ► RCH 3 + L1CHCI2 



L1CKCI2 


LiCl + :CHC 1 


•■> Schmeiseer and SehrSter, Angae Chan . 72, 34$ (18601 

Mutrangelo, Abilr , noth Mating, An Chan Sac , September, 1961, p. 6M. 
•« Frunze n, Angav Chan , 72, 566 (1960) 

•• does and Cloes, J Am Chtm. Sac , 82, 5723 


(1960) 
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The predominant side reaction observed is the formation of the olefin 
PvCH=CH, from the alkyllithium RCH 2 Li. The olefin is thought to 
result from the reaction of monochlorocarhene with RCH 2 Li followed by 
loss of lithium chloride and a 1.2-hydride shift. 

H 

1 

RCH„Li -f :CHC1 — RCFL, — C — Li 


RCH,— C — Li -v LiCl 4- RCH.CH: 

I 

a 

RCH 2 CH: — RCH=CH2 

Along with the olefin RCH=CH 2 , some cyclopropane corresponding to an 
intramolecular insertion reaction of RCH^CH: is also formed. 830 When 

RCHjCELjCH:— ► RCH,CH=CH, -f RCH — CHj 

\/ 

CHj 

methylene chloride is added to excess alkyllithium, the reaction of the 
alkyllithium with chlorocarhene predominates and terminal olefins are 
formed in high yield. 10 - 83 


REACTIONS OF HALOCARBENES 

With Alkenes, Cvcloalkenes, and Alkynes. The principal reaction 
of halocarbenes with olefins is addition to form halocvclopropanes, and the 
order of reactivity of carbenes appears to be CfL, > CHC1 > CCL, > 
GBr 2 > CFj- 1 This order is consistent with added stabilization 

provided by overlap of the unshared p-electrons of the halogen with the 
vacant p-orbital of the carbene. 

The halocarbenes are electrophilic in character, and the relative rates of 
their additions to carbon-carbon double bonds generally increase with 
increasing alkyl substitution at the olefin function. 11 -’ 3 - 83 - 65 Steric 
factors appear to be less important in this respect than electronic 
factors. 11 - 50 - 67 - 63 

Rj Alrtr. 12hth Mrriing, Am. Chero. Soc., Sept., I960 p Sp 

** Doerin^ and Henderson. J. Am. Chrm. Sor., SO, 5274 (19C0) 

Doerine, Buttery, Lauprhlui, and Chaudhuri, J. Am. Chrm. Sor -ft *>oo 4 nq r n 
11 Iy?dwith and Bell, Chrm. <£• Jnd. (London), 1959 f 459 * * * ° 

eT Closa; arid Schwartz, J. Am. Ch^m. Sor., £2, 5729 (1000) 

•* Woodworth and Sk'dl, J. Am. Ch*m. Sor., T9, 2542 (1957) 

** Parham and Wrisrhl,./. Org. Ch*m„ 22, 1473 (1957). 
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The reaction of monochlorocarbene with cyclohexene gives two isomers 
that were tentatively assigned the endo 1 and exo 2 structures. 83 



Differences in cis/trans ratios are also noted with olefins that react more 
slowly than cyclohexene, and it seems probable that steric factors alone 
can provide only a partial explanation of these observations. For 
example, cis/trans ratios for the products from monochlorocarbene and 
cis-2-butene and 2-methyl-2-butene are 1:5.5 and 1:1.6, respectively. 83 



( 1 : 1 . 6 ) 



HALOCYCLOPROPANES FROM HAtOCARBENES 


Dichloro- and dibromo-carbene add to 1,3-dienes to give vinylcyclo- 
propanes, 68 88 85,91,92 there is no evidence for 1,4-addition Thus diehloro- 
carbenc reacts with butadiene to give 3 and 4 but not 5. 91 


CH,=CH — CH=CH, + .CCIj — 

CH, — CH — CH=*CH. + CH, — CH— CH Cl 

\ v \ . / \ / 

c c c 

/ \ / \ / \ 

a ci ci ci ci ci 


a 


Dibromocarbene* 3 adds similarly to 1, 2-dienes to give methylenecyclo- 
propane derivatives (40-60% jneld) Such additions are reported to 
occur exclusively at the more highly alkylated double bond. 


\ / 

c c=c 

/\/ \ 

R' C It* 

/\ 


Hydrocarbons containing both double and triple bonds have been 
treated with dihalocarbenes. The only products reported from the reac- 
tions of dichloro- and dibromo-carbene with conjugated ene-ynes were 
those derived by additions to the carbon-carbon double bonds. 84 85 

Dihalocarbenes add to internal triple bonds to form dihalocyolo- 
propenes, 95-88 which have been useful intermediates for the preparation of 
cyclopropenones Attempts to prepare halocyclopropenes from terminal 
acetylenes have been unsuccessful 88,88 

« Orchin and Hernclc. J. Org Ch,m . 84. 1S» (1959). 

•* Shono and Odn, J. Chsm So c. Japan, Pur, Chm. Sot , 80, 1200 (1938). 

** Ball and Landor, Pro c Chem Soe , 1981, 246 

•« D'yakonov, Favorskaya, Danilkina, and Auvinen, J. Sen. CAcm. USSR (Bngluh 
Tranel ) SO, 3*73 (1960) [C.A., E5, 19811 (1961)] 

*• Vo-Quang and Cad.ot, Compt Rend , 252, 382J (1961). 

•• Brcslow and Petersen, J. Am Chem. Soe , 82, 1126 (i960). 

n Yolpin, Koreshkov, 'and Kuraanov. In Akad HautSSSR, 1939, 380 [C.A , 38, 21799 
(1939)1 

M Kuraanov, Volpin, and Koreshkov, J Sen Chan USSR, {EnglUh Trartl ), 80, 2953 
(1960) [C A , 55, 16173 (19«1)J 
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With Aromatic Carbon-Carbon Double Bonds. Dichlorocarbene 
reacts only with difficulty with aromatic double bonds, and many reactions 
involving dihalocarbene have been effected by using benzene as sol- 
vent . 00,80,89,09 ' 100 Reaction generally occurs with electron-rich aromatic 
compounds. 

The formation of a small amount of a chloroazulene from indene and 
dichlorocarbene results from attack of the carbene on an aromatic double 
bond . 101 



+ :CCl2 



+ 



Chlorotropones are produced when dichlorocarbene reacts with alkoxy- 
naphthalenes . 10 ° 



With 9-methoxyphenanthrene, the intermediate dichlorocyclopropane 
was isolated in 52 % yield and converted by heat to the dibenzchloro- 
tropone in high yield. 




No report has yet been made of the interaction of dihalocarbenes with 
naphthalene or phenanthrene, but anthracene reacts with dichlorocarbene 
to form a chlorotropilium salt that is converted to 6 by the action of base. 102 
Treatment of 6 with acid regenerates the tropilium salt. 

60 doss and Close, Tetrahedron Letters , 10, 38 (I960). 

100 Parham, Bolon, and Schweizer, J. Am. Chem. Soc., 83, C03 (1961). 

101 Parham and ReifF, J. Am. Chem. Soc., 77, 1177 (1955). 

102 Murray, Tetrahedron Letters, 7, 27 (1960). 
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OC«H 9 -t 


Monochlorocarbene, which 13 more reactive than dichlorocarbene, reacts 
readily with benzene to give derivatives of cycloheptatriene 60 *• The 




Q- e 


reaction of methylhthmm with lithium phenoxide in methylene chloride 
occurs in a similar manner and yields 2 methyl 3,5-cycloheptadienone. 103 
A variety of substituted phenoxides reacts to form similar products 
Many ring expansions of pyrroles 35 37 59 and indoles 98,104 to form 

pyridines and quinolines have been reported An example is the conver- 
sion of indole to quinoline by the action of rnethyllithium and methylene 
chloride 108 



With Carbon-Nitrogen Doable Bonds. The only reaction of this 
type that has been reported is that of dichlorocarbene with benzalaniline 
to form 7 84 107 The product is rapidly hydrolyzed to N-phenyl-a-chloro- 
phenylaceta mide 

>“ CIobs and CloM. J Am. Ch,m See . 83. 699 (1981) 

Ciamician and Dennstedt, Ber . 15, 1172 (1S82) 

Ciamician and Silbor, Ber , 20, 191 (1897) 

««• Clou and Schwartz, J Or a Ckm , 28, 2609 (1961) 

«*» Fields and Sandn, Chtm d /ad (iondoa), 19J9, 1211 
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:CCI, 

C 6 H 6 CH=NC g H 5 > C c H 5 CH NC c H 5 

c 

/\ 

Cl Cl 

7 

Miscellaneous Reactions. Detailed review of the manj' other reac- 
tions of halocarbenes is heyond the scope of this chapter. Some of the 
most important ones are summarized here primarily to provide a conven- 
ient key to the literature on this aspect of halocarbene chemistry. 

Early work showed that carbon monoxide and orthoformates were 
formed from dihalocarbenes and alcohols. 20-31,108 Modem techniques 
have led to the identification of many other products from these reac- 
tants. 51,53-55,109,110 

Secondary and tertiary amines react with dichlorocarbene to give amides 
after hydrolysis of the intermediates. 7,111 Primary amines react with 


;CCU C 6 H 5 CH 2 N(CH 3 ) 2 

C 6 H 5 CH 2 N(CH 3 ) 2 I ► 

CC1 2 

© 

C 6 H 5 CH 2 CC1 2 N(CH 3 ) 2 C 6 H 5 CH 2 CON(CH 3 ) 2 

dichlorocarbene in non-aqueous media to form isocyanides. 6,112 This 
observation supports the proposed mechanism of the Hofmann isocyanide 
synthesis. 6,7 

Triphenylphosphine reacts with dichlorocarbene to give dichloro- 
phosphine methylene, which has been used in the Wittig reaction to 
prepare terminal dichloroolefins, RCH=CCl 2 . 113,114 Wittig reagents have 
been similarly prepared from monochlorocarbene 115,116 and difluoro- 
carbene. 82 

Difluorocarbene has been allowed to react with a number of anions to 
give difiuoromethyl derivatives. 117 For instance diethyl phenyldifluoro- 
methylmalonate was obtained in 80% yield by allowing difluorocarbene 
to react with the sodium salt of diethyl phenylmalonate. 117 

108 Nef, Ann., 308, 329 (1899). 

109 ffine and Tanabe, J . Am. Chem . <Soc., 79, 2654 (1957). 

110 Hine, Pollitzer, and Wagner, J. Am. Chem. Soc., 75, 5607 (1953). 

111 Saunders and Murray, Tetrahedron, 6, 88 (1959). 

112 Krapcho, J. Org. Chem., 27, 1089 (1962). 

113 Speziale, Marco, and Ratts, J. Am. Chem. Soc., 82, 1260 (1960). 

X1< Speziale, Ratts, and Marco, Abstr., 140th Meeting, Am. Chem. Soc., September 1961, p- 
35Q. 

116 Seyferth, Grim, and Read, J. Am. Chem. Soc., 82, 1510 (1960). 

116 Seyferth, Grim, and Read, J. Am. Chem. Soc., 83, 1617 (1961). 

117 Shen, Lucaa, and Sarett, Tetrahedron Letters, 2, 43 (1961). 
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REACTIONS OK HALOCYCLOPROPANES 

The halocyclopropanes undergo transformations leading either to ring 
expansion, chain lengthening, or formation of n second cyclopropane ring 
and are thus valuable synthesis intermediates 
The first example of ring expansion was the quantitative conversion of 
the cyclopropane derivative 8 to 2 chloronaphthalenc 10 



Similar reactions starting with a variety of substituted indcncs have been 
carried out t® 4 *” 101 lYelimmary studies have shown that the rates of 
these reactions arc unaffected by added alkali 10 but ore increased by 
odded silver ion ** 

The bicy clo {3 I 0] system of 9 is 200 times as reactive as the analogous 
(f 1 OJ system in dibromonorcarane ** The reason for this greatly en- 
hanced rate is thought to bo the relief of the greater strain in the [3.1 0] 
system 



An interesting stenc requirement for these ring expansion reactions was 
noted for mixed halides obtained from indene * 7 The ratio of 2-chloro- 
and 2-bromo-naphthalene obtained was approximately 11. 


a 





The a- and /9-isomers {endo-exo) of 2-bromo-2 chIorobicyclo[3 1 O]hexone 
(10, X = Cl, Y = Ur) have been isolated,** but their absolute configura- 
tions have not been determined. 
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Dihalocyclopropanes are decomposed thermal^, and the ease of ring 
expansion is a function of structure. Dichloronorearane gives cyclohepta- 



triene and toluene by pjTolysis at 490°. 118 The analogous 2-oxa-7,7-di- 
chlorobicyclo[4.1.0]heptane gives 3-chloro-6,7-dihydrooxepine at 140°. 119 



The two isomers of 2-oxa-7-chloronorcarane differ strikingly in their 
reactivity. One, tentatively identified as exo, gives the dihydrooxepine 
by reaction at 140° in quinoline. Under these conditions the other, 
supposedly endo, isomer is unaffected. 



It is probable that relief of strain, relative stability of possible intermediate 
ions, and anchimeric assistance by hetero atoms all may be involved in 
determining the ease with which a particular halocyclopropane undergoes 
this type of reaction. 

Similar reactions applied to halocyclopropanes bearing aliphatic rather 
than cycloaliphatic substituents produce a chain-lengthening process by 

118 Winberg, J. Org. Chem., 24, 2G4 (1959). 

118 Schweizer and Parham, J. Am. Chem. Sac., 82, 4085 (1960). 
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insertion of a new atom btticeen the doubly bonded atoms of the original 
olefin ®* 


/ \ 


A generally applicable method of chain lengthening is the conversion of 
halocyclopropanes to allenes This reaction, discovered by Doering, 
involves reaction of the dibromocyclopropane with sodium or mag- 
nesium na The yields of allenes are quite high , however, some isomeric 


products are also formed 120-112 The reaction has been extended under 
different conditions to dichlorocyclopropanes ,43 - ,2 ‘ High yields of purer 
allenes are obtained when dibromocyclopropanes are allowed to react 
with an alkyUithium, 1 **- 1 * 4 and this method is convenient for the syn- 
thesis of cyclic and acyclic allenes. These reactions with alkyllithiums 
have been shown to involve carbene intermediates by studies with 
dibromonorcarane. 


CX-^O — 0 + 0 



Collapse of the intermediate bicyclic carbene to the cyclic seven-mem bered 
ring allene is sterically unfavorable; intramolecular insertion to give 
highly strained bicyclic systems results. 126 - 1 ” 

1* Doenng and LaFlamme, Tetrahedron, 2, 75 (1958) 
ill Gardner and Narayana, J Org Chem , 26. 3318 (1M1) 

“« Skattebbl, Tetrahedron LeUtre, 5, 167 (1961) 
in Ball and Lander, Proe. Chen Soc , 1961, 143 
lit Logan, Tetrahedron Lettere, S, 173 (1961) 
i«« Moore and Ward, J Org Chem , 2S, 2973 (1960). 

“‘Moore, Ward, and Merritt, J Am Chem Sac, 83, 2919 
In Moore and Ward, Chem d- 2nd (London), 1961, 594 


i <mi}. 
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The 2,2-dihaloc3'clopropanone acetals, prejjared by addition of dihalo- 
carbene to ketene acetals, may be converted to a-cbloroacrylic esters by 
heat or to orthopropiolates by base. 128 


Heat 


ci 


CHj^C— C(OC 2 H s )„ 
& C1© 


H 2 C C(OC 2 H B ) 2 

c 

/\ 

Cl Cl 

I ooc,n,.( 


Cl 


ch 2 =c— co 2 c„h 5 + C 2 H 5 C1 


■h 2 c C(oc,H s ),n 

\/ ' 
c 


Cl 


oc 4 h 6 -< 


I 

HC=C — C(OC 2 H 5 ) 2 


The propwkte reaction is thought to proceed through the cyclopropene. 

ltiona evidence in support of this view is the reaction of phenyl- 
c lorocarbene with phenylketene acetal and transformation of the inter- 
mediate to 2,3-diphenylcyclopropenone. 129 


C 6 H 6 CH=C(OCH 3 ) 2 


Koc,n,-( 


'C c H 5 CH C(OCH 3 ), 


c 6 h 5 


/ 


Cl 


C 6 H 6 C C(OCH 3 ) ■ 

\/ 

c 


C c H 5 


C c H 6 C==CC 6 H 5 

\/ 

c 

II 

o 


experimental procedures 

cJif i ™S iC5 r 1 1 4 - 1 -? hePtane - A - < Usi ”g chloroform as the 
£ , f mixture of L5L of dry f-butyl alcohol 

!tK 3 r m r i nUm t ' but0xide ) an d 60 g. (1.5 moles) of potassium 
“thlLmor,! R A e rm ^ b ° iling point of the alcohol. The alcohol 
for 2 hours The i ' batl °.“ andtheresiduei s dried at 150-16071-2 mm. 
151 of evHoR e l SOhd 18 P0wdered manually and covered with 

1-5 1. of cyclohexene. To the resulting mixture, cooled in an ice bath, 

T, “ cElvain and Weyna, J. Am. Chem. So c„ 81, 2579 (1959) 

Breslow, Hayn.e, and Mirra, J. Am. Chem. Sac, 81, 247 (1959). 
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reagent grade methylene chloride (17 g., 0.2 mole) under an atmosphere of 
nitrogen. The mixture is hydrolyzed, the organic layer separated, 
washed, and dried over magnesium sulfate. Distillation gives 8.8 g. 
(67%) of l-chloro-2,2,3,3-tetramethylcyclopropane, b.p. 72°/105 mm., 
n$ 1.4458. 

2-Oxa-7-chlorobicyclo[4.1.0]heptane. 119 Commercial w-butyllith- 
ium (3.54 moles) in heptane is added dropwise during 4 hours to a cold 
( — 10° to —20°) mixture of dry dihydropyran (378 g., 4.5 moles) and dry 
methylene chloride (382 g., 4.5 moles). The mixture is allowed to warm 
to room temperature and is stirred overnight. Water (600 ml.) is added, 
the mixture is filtered, and the organic layer separated. The aqueous layer 
is extracted three times with 400-ml. portions of petroleum ether 
(b.p. 30-60°), and the combined organic layers are dried over anhydrous 
magnesium sulfate. Distillation furnishes 134 g. (28 %) of a mixture 
of the racemic isomers of 2-oxa-7-chlorobicyclo[4.1.0]heptane, b.p. 
45-48°/3-1.5 mm., 1.4798-1.4879. The mixture is separated by 
fractionation into endo-2-oxa-7-chloronorcarane (b.p. 34.0°/l.l mm., 
1.4765) and ezo-2-oxa-7-chloronorcarane (b.p. 48°/1.5 mm., n§ 1.4873). 

2,7-Di-f-butyltropone. 103 Methyllithium (0.41 mole) in diethyl ether 
(230 ml.) is added over a period of 2.5 hours to a solution of 2,6-di-<- 
butylphenol (48 g., 0.23 mole) in 250 ml. of methylene chloride at room 
temperature. After hydrolyzing in ice water, the organic layer is washed 
consecutively with dilute hydrochloric acid, aqueous sodium bicarbonate, 
and water. Removal of the solvent and distillation give 34.5 g. (0.17 mole) 
of 2,6-di-t-butylphenol (b.p. 57-58°/0.15 mm.) and crude 2,7-di-f-butyl- 
tropone (b.p. 76-82°/0.15 mm.). Redistillation of the crude product 
yields 9.1 g. of 2,7-di-bbutyltropone boiling at 67-70°/0.10 mm. (70% 
based on recovered 2,6-di-t-butylphenol). Recrystallization of the tropone 
twice from pentane gives an analytical sample, m.p. 70.5°. 

TABULAR SURVEY 

Tables I through IV encompass the reactions of dihalocarbenes. 
Monohalocarbenes are surveyed in Table V. The tables are arranged 
according to the nature of the halide, in the following order: chlorine, 
iromine, iodine, fluorine. The acceptors in each table under a given 
halocarbcne are arranged in order of increasing number of carbon atoms. 

V here more than one reference is cited, the experimental data are taken 
from the experiment reporting the highest yield; this reference is cited 
tirst V here the yield is not given, a dash is placed in the yield column. 

Ihe literature through November 1, 1961, and a few more recent refer- 
ences are included in the text and tables. 
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TABLE II— Continued 

Reactions op Diuhomo- ano DiFUiono-CAimKNKS with Ai.kknks, Ai.kynks. ani> Cyct.oai.kkm s 
Cnrbeno ... . . ... 



t Pyrolysis. 

§ Pyrolysis at 300' 1 in vacuum. 
|| Pyrolysis at, 150" in vacuum. 
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IN I RODUCTION 

thnTl°vr th ° T Bl U8Cfl11 rcnctionB in «yntl.otic organic chemistry involve 
the addition of reagents across the double bonds of olefins These 

y c ' Can OCCUr b y a variety of mechanisms involving electro- 

nime^r P • ,° r radi ° al intcrmcdiatcB - have been the subject of 
“° US mechan 'st 10 studies. Electrophilic additions involve polar 

rule Noel n0 ™! thc direction of addition follows MarkownikofT’s 

unless ! fr C addltlons squire rather special and drastic conditions 
Radical rencH m ° 0 ’ ' ltainS 8trong electron-withdrawing substituents, 
licht oxvtr 10nH ar ° y cry goncral m scope but arc markedly influenced by 
mu °7 gCn> P eroxide s. and various inhibitors. 

opiate of Ct rt 0f addit, ° n ^ thC frC ° radical reaction ^ commonly the 

addSons K C ?u° Un c CrCd in th ° c ^ cc t ro philic ionic (Markownikoff) 
additions. Hence these free radical additions have been referred to as 
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anti-Markowuikoff, abnormal, or, more recently, Kharaseh addition 
reactions. This chapter is concerned with the synthetic aspects of 
Kharaseh addition reactions that result in the formation of a new carbon- 
carbon bond 

The discovery that certain compounds could add to olefins by a free 
radical chain reaction was made in the nineteen- thirties The presently 
accepted mechanism of the anti-Markownikoff addition of hydrogen 
bromide and mercaptans was suggested by Kharaseh in 1937, 1 and 

TABLE I 

Products 

Halogenated hydrocarbons 
Ketones 

Secondary alcohols 
Tertiary alcohols 
Primary alcohols 

Amines alkylated on the a-carbon 

derivatives) ct -Alkyl esters (and other acid deriva- 

tives) 

Monocarboxyhc esters 
Ethers alkylated on the a-carbon 

independently by Waters* in the same year. The first examples of a simple 
addition reaction resulting in the formation of a new carbon-carbon bond 
were given in 1945 by Kharaseh, who reported that carbon tetrachloride 
and chloroform reacted with I-octene to form 1,1 ,1,3 tetrachlorononane 
and 1,1,1-tnchlorononane, respectively.* 

It had previously been noted that carbon tetrachloride had a marked 
effect in lowering the degree of polymerization of styrene, an observation 
explained quantitatively by Mayo in 1943 in terms of a chain transfer 
process * Also prior to the Kharaseh publication, the addition of carbon 
tetrachloride to olefins to form products of low molecular weight had been 
observed independently by research groups at the du Pont and US. 
Rubber companies* Since this time, a number of other compounds 
have been found to add to olefins in a free radical chain reaction In 
Table I, those classes of compounds which on addition to an aifcene result 

* Kharaseh Encelmann. and M»yo. J. Or? Chcm , 2, 2SS (1937). 

« Hey and Waters, Chcm Beet . 21. 1*» d»»B- 

* Kharaseh Jensen end Vtrj, Science, 102, US (1945). 

* Mayo. J. Am. Chcm Sec , as. 23*4 (1943) 


Polyhalomethanes 

Aldehydes 

Alcohols 

Primary 

Secondary 

Methanol 

Amines 

Esters (end other acid 

Formate esters 
Ethers 
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in the formation of a new carbon-carbon bond are listed along with the 
resulting addition products. 

Although the majority of these Kharaseh additions have been performed 
with alkenes as the unsaturated species, many other unsaturated com- 
pounds, e.g., vinyl acetate, maleate esters, allyl halides, have been used 
with success and have led to the formation of di- or polv-functional 
addition products. Additions to simple olefins and to olefins containing 
other functional groups are included in the Tabular Survey. 

MECHANISM 

Characteristics of Radical Chain Reactions 

Because the addition reactions discussed in this chapter are typical 
radical chain reactions, some comments on such processes are in order. 
The over-all reaction in which a molecule A — B is added across a double 
bond in the presence, for example, of a peroxidic initiator actually occurs 
through a complex sequence of steps involving transient free radicals as 
intermediates. These steps may be indicated as follows. 


A— B -f CH 2 =CHR --- • -> CILvACHBR l 1 ) 

ROOR — 2RO- 

RO- 4- AB —ROB 4- A- ( 3) 

A- 4- CH 2 ==CHR — ACTRCHR ( 4 ) 

ACHjCHR 4- AB - ACH,CHBK 4- A- ( 5 > 

2A- — A— A ( 6 > 

2ACH2CHR — ACH,CH (R ) CH (R ) CH 2 A (') 

A- 4- ACEL.CHR — ACH 2 CHAR ( 8 > 


In such a scheme steps (2) and (3) represent chain initiation, (6) to (8) 
chain termination, and (4) and (5) chain propagation. 

The reactions represented by equations 4 and 5 are the important 
steps in determining the products since the radical A* consumed in (4) in an 
addition reaction is regenerated in (5), a radical displacement reaction, and 
many (often hundreds or thousands) of such cycles may occur for every 
radical introduced into the system. In contrast, since chain termination 
steps destroy radicals, no more termination products are produced than 
chains are started; they contribute little to the reaction, and the over-all 
stoichiometry of the process (in the absence of side reactions which involve 
alternative chain propagation steps) is essentially that of reaction 1- 
On the other hand, the over-all reaction rate and the kinetic chain length 
(or molecules of product produced per molecule of initiator starting chains) 
which essentially determine the yield under a given set of experimental 
conditions depend on each of the three processes of initiation, propagation, 
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and termination The rate of initiation of chains can in general be con- 
trolled by suitable choice of initiator, temperature, and other experimental 
conditions The rate of chain termination is subject to no such direct 
control and imposes a very serious limitation on the scope of chain 
processes Bimolecular reactions between radicals such as (6) to (8) 
almost invariably have very high rate constants (• — -1 0 7 1 /mole/sec.), 
with the consequence that the time interval between the initiation and 
termination of a chain is only of the order of a second . If a large number 
of chain propagation steps are to be interposed into such a short time 
interval, it is evident first that they must be very rapid, low activation 
energy processes and, second, that small changes in structure of the addend 
AB or olefin may have large effects on over-all rates and yields. 

The effect of changes of structure on reactivity in radical reactions can 
be treated quite successfully in terms of resonance, steric, and polar 
phenomena (pp. 95-99) When due allowance is made for the side 
reactions discussed below, these factors permit a satisfactory semiquanti- 
tative picture of radical addition reactions even though relatively few 
detailed kinetic studies of such systems have been published. 

Lewis and Mayo have investigated the effect of olefin/addend ratio on 
yields in a number of halomethane additions with results which appear to 
be quite general. 8 At low olefin/addend ratios, reaction 4 becomes the 
slow- step in propagation, radical A- accumulates in the system, and chain 
termination occurs through (6), with the kinetic consequence that the 
over-all reaction is first-order in olefin At high olefin/addend ratios, (5) 
is the slow propagation step, termination occurs through (7), and the 
over-all reaction is first-order in addend At intermediate ratios, termina- 
tion may involve both (6) and (7) and also (8), but the general result is a 
rather pronounced maximum in rate (or yield with a given amount of 
initiator) at some particular olefin/addend ratio Some typical yield 
curves are shown in Fig 1 and support this conclusion. They also 
illustrate the profound sensitivity of these addition reactions to small 
changes in structure to which we now turn our attention 

Structure and Reactivity 

The over-all addition reaction I, where A- is a hydrocarbon radical, is in 
general exothermic by about 20kcal /mole. However, if both propaga- 
tion steps (4) and (5) are to be rapid, low activation energy processes, this 
energy must be suitably divided between the two, or in any case the 
balance should not be so poor that one js significantly endothermic The 
manner in which this division occurs is determined primarily by the 

♦ L«WM and Jiayo, J. Am Chtm &oc . 78, 4« (195*) 
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y-U'A acetate -CXI 


V.D’e fraction solvent 

to olefins. Fro'nTa l ^° Iefin rat '° “ r2dical addition of halomethane 

Xevr York, 1957 , p. 260 in Solution, John Wiley and Son?. Iv-C- 

CHt d- C2H5 CHt + CsHs CHC1, + C2K4 CHCI3 + CdR 


-23 j } + 4 


Fig. 2. Energetics of addition of CTT 1 

calories per mole. First arrov, f or reac-ion t0 eth - v!ene 2X1 d ^F rane - in ki, °' 

A *W.ni, = 19 ItcaL for etbvlene^addiriri* second for reaction (5). Data assume 

♦-ions and — 1» keal. for stvrene. 
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effective resonance energies of the radicals A- and R- involved in the two 
steps * This resonance energy can be deduced from bond dissociation, 
energy data, and typical values appear in Table II ; the methyl radical, 
CHj-, is taken as a standard for comparison. Since in reaction (4) the 
resonance energy of A- is lost and that of R- is gained, a highly stabilized 
A- radical will decrease the exothermicity of the process, while substit- 
uents on the olefin leading to a highly stabilized radical R- will increase the 
exothermicity In reaction (5) the resonance energy of ACH 2 CHR is lost 
w hile that of A- is gained, and the opposite situation results. As examples, 


TABLE II 


I3ovd Dissociation Energies and Resonance Energies 
of Free Radicals 

Resonance Energy 

Atf 0 D(R — H), of Radical, 

Rond kcal /mole kcal /mole 


H — CH S 
H — CjIIj 
H — CHjCHjCJIj 
H- CH(CHj)j 
II — C(CH,)j 
II — CHjCH«=CH 4 
H — CH,C ( lIj 
H — C(CH s )-C0 8 CHj 
II — CC lj 
Cl— CC1, 

Br— CC1, 

1 — CC1. 


102 
98 
100 
94 
90 
77 
7 :.r, 
(75)* 
90 
68 
49 

(39)* 


0 


2 

8 

12 

25 

24.5 

27 

12 

12 

12 

12 


“ This value has a larger uncertainty than those not in parentheses See 
reference 5, pp. 47-49 


Fig 2 illustrates the calculated energetics of addition of methane and 
chloroform (as CHj — H and CC1 3 — H) to ethylene and to styrene Here 
•CClj and the radical R- from styrene are stabilized by approximately 12 
and 24 kcal /mole, respectively Replacing CH 3 - by CC1 3 - decreases the 
exothermicity of reaction (4) and increases that of (5) On the other 
hand, replacing ethylene by styrene increases the exothermicity of (4) and 
decreases that of (5) Only in the chloroform -ethylene system are both 
steps exothermic, and this is also the only one of the four reactions which 
has been observed as a long -chain process giving a simple 1.1 adduct. 
Similar approximate calculations can be made for other systems by cor- 
recting the basic energetics of the methane ethylene reaction by the 
resonance stabilization values given in Table II 

• Resonance Mobilization of the double bond also playa a minor role in the division but is 
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In a series of addends A — B in which the carbon radical A* is held 
constant and B is changed, reactivity generally increases in the sequence 
H < Cl < Br < I. Thus CC1 3 — Br undergoes addition more readily than 
CC1 3 — Cl, and CF 3 — I more readily than CF 3 — Br. The differentiation 
between Cl — and H — is less clear-cut and depends to some extent on the 
particular system involved. Thus chloroform is usually less reactive than 
carbon tetrachloride and adds as CC1 3 — H. Bromoform is more reactive 
and adds as CHBr 2 — Br. On the other hand, aldehydes add as RCO — H, 
while acid chlorides fail to give a comparable addition as RCO — Cl. N° 
displacement involving fluorine is known, and, although displacements in- 
volving other atoms attached to carbon have been observed, they do not in 
general lead to carbon-carbon bond formation and accordingly are outside 
the scope of this chapter. 

Although it is advantageous for the radical reactions to be exothermic, 
this is not solely sufficient to provide for fast radical chains. Even 
strongly exothermic processes may have significant activation energies, 
and small differences in activation energies (or in pre-exponential factors) 
may lead to large differences in rate. These more subtle effects of struc- 
ture have been studied in detail, chiefly by the use of competitive reactions, 
and can be discussed in terms of steric and polar factors. 

Steric hindrance affects radical reactions, particularly in the addition 
step (4). Thus non-terminal olefins generally undergo addition reactions 
less readily than terminal olefins and give lower yields of the desired 
products. In fact, the usual direction of addition in radical reactions, in 
which the radical A' adds to the less-substituted end of the double bond, is 
probably largely a steric effect, although it is also aided by the greater 
resonance stabilization of the resulting radical. Steric hindrance in the 
displacement step (5) seems to be less important and, in fact, is not well 
established. 

Another factor which plays a very important role in the rates of both 
radical displacements and additions appears to be polar in nature: 
radicals with strong electron-withdrawing groups show enhanced reac- 
tivity with substrates bearing electron-supplying groups, and vice versa. 
The nature of this polar effect has received considerable discussion and 
appears to vary from a simple dipolar interaction to, in extreme cases, the 
lowering of the energy of the transition state by contributions from charge 
transfer structures. We may" note that radicals with electron- withdrawing 
groups that have corresponding negative ions of reasonable stability add 
with particular facility to olefins of high electron availability, while 
radicals with stable corresponding carbonium ions add well to olefins 
bearing electron-withdrawing groups. Thus polyhalomethanes react 
readily with hydrocarbons, vinyl ethers, etc., while aldehydes and alcohols 
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(which add os RCHOH — II) give particularly* good yields of adducts with 
pcrftiioruolcfins and a,fl urwUu rated carbonyl compounds such as maleate 
esters The reality of these polar effects has been amply demonstrated by 
the study of competitive reactions, and the effects appear to be as impor- 
tant os the other factors mentioned above in determining the success or 
failure of a given reaction • 


Telomer Formation 

The radical addition described by the reaction 6equenco (2-8) may be 
subject to competing processes which interfere with the desired chain 
The most important is pohmenzation Actually, reaction (5) is always in 
competition with addition of the olefin-derived radical to another molecule 
of olefin The result is that, besides the simple addition product, 


AII(*jl sf 

ACTIjClIU 


ACIIjOlim - A 


ACH.CHRCIf.cnBR + A- 


scn,-ciiR (».i 
\\CH,CHRC1I,CHR 



ACHjCHRR, a scries of higher products, A(CH t CHR)„CH t CIIBR, may 
be produced as well Those materials, known as tclomers, are usually 
undesired by-products because they have rather complex branched 
structures However, in the case of ethylene and tetrafluoroethylene, 
tclomenzation provides a powerful synthetic method for the preparation 
of long-chain molecules A(C1[,CH,).B and A(CF f CF t )„B. 

The importance of telomer formation can be assessed quantitatively in 
terms of the transfer constant C, the ratio of the rate constants for reaction 
of an olefin derived radical R* with AB and with another molecule of 
olefin. A simple kinetic analysis shows that, in reaction (9), 

mole fraction 1 : 1 product _ fe 4 [AB) _ ^ (AB] jjqj 

mole fraction tclomers k a [olefin] 1 [olefin] 

where C, is the first transfer constant involving the reaction of R* con- 
taining just one olefin unit. In the same manner, the expression may be 
generalized 

mole fraction Jf: 1 product _ ^ [AB] 
mole fraction higher products y [olefin] 

* For a further diooueeion of there effect* «eo reference S. pp. 132- HO 
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The resulting distribution functions have been worked out so that the 
entire product distribution can be calculated for systems in which the 
transfer constants are known.* 

With C > 1, high yields of 1 : 1 products can be obtained with a small 
excess of All. In principle, good yields can also be obtained in systems 
where C I by working at very high ratios of [AB]/[olefin], or by adding 


TABLE m 


Variation of Transfer Constants for Poeyhaeomethanes 
with Chain Length 7 


System 

Ethylene-CCl 4 (70°) 
Propylene-CCl 4 (100°) 
Propylene-CHClj (100°) 
Isobutylene-CCl 4 (100°) 
Allyl chloride-CCl 4 (100°) 
Allyl acetate-CCl 4 (100°) 
Styrene-CCl 4 (76°) 


0.08 

1.3 

0.11 ± 0.01 

1.4 ± 0.4 
0.01 - 0.02 
0.01 ± 0.01 
0.0006 


C 2 

1.9 

0.55 ± 0.03 

0.10 ± 0.05 
0.5 ± 0.2 
0.0025 


3.2° 

5-10 

1.03 ± 0.05 
17 ± 3 
0.48 ± 0.03 
2.0 ± 1.0 
o-oiis 6 


a This is the value for C 3 . 
b The value for C 3 is 0.004. 


the olefin slowly during the reaction, although kinetic chains may be short 
under these conditions, thus requiring a relatively large amount of 
initiator. Since small transfer constants generally increase with tempera- 
ture, better yields of 1 :1 product may also be obtained at higher tempera- 
tures. 

Optimizing the yield of a telomer containing a particular number of 
olefin units is a more complicated matter. The yield of any particular 
telomer is dependent on the addend/olefin ratio and passes through a 
maximum value at a particular addend/olefin ratio. The situation is 
helped somewhat by the fact that transfer constants frequently increase 
significantly until n = 3 or 4, so that quite good yields of 2:1 or 3:1 
products can be obtained. Some typical values are listed in Table IH- 

Transfer constants vary with structure in the manner suggested by the 
previous discussion. In the addend A — B, they increase with changes in B 
from H < Cl < Br < I, and with substituents in A that increase its 
resonance stabilization, since all these changes increase the rate of the 
displacement reaction. Thus bromotrichloromethane gives good yields of 
1 : 1 products in reactions with equimolecular quantities of most olefins, 
while carbon tetrachloride must be used at high carbon tetrachloride/olefin 
ratios. Polyhalomethanes with less than three halogens generally give 

* See Ref- 5 f chap. 6. 

7 Ref. 5 , p. 257. 
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low yields of 1 I products unless the methanes are further activated by 
nitrile, carbonyl, or similar groups 

The situation with olefins is slightly more complicated. Substituents 
stabilizing R- also increase olefin reactivity, so the tendency to add another 
olefin docs not change greatly with structure. On the other hand, 
resonance stabilization of R- decreases the rate of the displacement 
reaction, so tclomer formation is favored Thus ethylene, vinyl acetate, 
and other olefins which polymerize well alone but react via highly reactive, 
unstabihzed radicals give 1 - 1 products in many systems. In contrast, 
styrene and methyl acrylate usually gne only telomers of high molecular 
weight Non-terminal olefins, in which polymerization is retarded by 
steric hindrance, show little tendency to form telomenc products, although 
the desired 1 : 1 addition may not occur in high yield 

Finally, polar effects may again play a decisive role in the competition of 
reaction (9), as well as in the rate of the over-all addition reaction. As 
examples, perfluoroolefins have high transfer constants w ith alcohols and 
give good yields of 1 I products with alcohols, in contrast to non- 
fluorinated olefins such as ethylene. 

Allylic Attack 

A second complication in radical addition processes arises from the 
possibility of competition between the desired addition (4) and displace- 
ment reactions between the radical A- and the olefin. Here attack upon 
allylic hydrogen atoms is particularly likely because of the high res- 
onance stabilization of the resulting allylic radical, 


CH,=CHCHR 4- AH 



ACHjCHCHjR 


and the importance of the reaction depends obviously on the ratio of rate 
constants kjk a in equation 12. The role of such a side reaction in 
polymerization was first pointed out by Bartlett and Altsehul," and its 
importance in radical additions by Israelashvih and Shabatay ' 

• Bartlett and AlMchul, J. Am Ckem See . 67. 816 (1M5). 

• IerwladiviU and ShabeUy, J. Chm. Soe , 1951, 32«1 
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The few available estimates of the values of k d fk a ratios give an idea of 
the amount of side reaction to be expected. For the reaction of methyl 
radicals with isobutylene at 65°, kjk a = 0.06, and increases to 0.95 and 0.7 
for cis- and frans-2-butene, presumably because of the decreased rate of 
addition to a non-terminal double bond. 10 When A* is a more highly 
resonance-stabilized radical, the amount of allylic attack is decreased. 
The situation with the CCL,- radical has been studied in some detail. 11 ' 12 
For 1-hexadecene, k d jk a is 0.018, while for cyclohexene it is approximately 
0.5. The data in Table IV illustrate the influence of some structural 


TABLE IV 

Relative Amounts of Hydrogen Abstraction and Addition 
by the Trichloromkthy l Radical with Various Olefins 12 


Olefin 

Temperature, ° 0 . 

k a !K 

cw-2-Butono 

99.0 

0.029 

Iran»-2-Butene 

99.0 

0.038 

2-Pentene 

77.8 

0.18 

Cyclopcntene 

77.8 

0.18 


40.0 

0.54 

4-Mothyl-2-pentene 

77.8 

0.81 


40.0 

0.60 

Cyclohexenc 

77.8 

0.83 


40.0 

0.54 

3-Hcptene 

77.8 

0.29 


40.0 

0.20 

Cycloheptone 

77.8 

0.18 


40.0 

0.12 

1 -Octcne 

77.8 

0.023 

1-Docene 

77.8 

0.023 


features of the olefin on the amount of allylic attack. Terminal olefins, 
with double bonds that are very reactive toward addition, suffer compara- 
tively little allylic attack in comparison to non-terminal olefins. Further- 
more, non-terminal olefins with very reactive allylic hydrogen atoms, such 
as the tertiary allylic hydrogen atom in 4-methy]-2-pentene and the ring 
hydrogen atoms in cyclohexene, suffer a considerable amount of allylic 
attack. 

Allylic attack is a complication in addition reactions, not only because it 
introduces a competing side reaction, but also because it may lead to the 
termination of kinetic chains with a resulting reduction of over-all 

10 Buckley, Leavitt, and Szwarc, J. Am. Chm. Hr*., 78, 5557 (105B). 

11 Kooyrrmn, Dittm/non* Faraday Hoc. t 10, 1 03 (1051). 

** Hu ynrt,J. Org. Chtm. t 26, 3201 (1901). 
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product yield. Since the resulting allyhc radical is a highly resonance- 
stabilized species, it may fail to react with the addend A— B and instead 
accumulate in the system until it disappears by bimolecular coupling or 
disproportionation reactions This difficulty shows up very plainly in 
addition reactions to cyclohexene Carbon tetrachloride gives only low 
yields of any product, while bromotnchloromethane gives a rapid reaction 
with long kinetic chains Here the allyhc radicals re-enter the chain by 
the sequence 

o + CCljBr ^Br + CC1 3 (13) 

and, from the value of kjk a given, about a third of the olefin that reacts 
would be converted to 3-bromocyclohexene and about two-thirds to the 
addition product l-tnchlororaethyl-2-bromocyclohexane. 

More detailed discussions of the kinetic significance of allylic attack are 
available.*. 11 . 11 


Rearrangements 

The rearrangements that sometimes accompany radical additions may 
be classified in three types: 1,2 shifts, ring opening and closure, and a 
miscellaneous group. A more detailed discussion of radical rearrangements 
in general is given elsewhere. 14 

In radical processes 1,2 shifts of neighboring groups are much less 
common than in processes involving earbonium ions, and unequivocal 
examples appear to be restricted to the migration of an aryl group or a 
halogen atom. 

The only reported example of aryl migration in a radical addition is in 
the addition of n-butyraldehyde to 3, 3-cJiphenyl-l -butene which gives 
propyl 2,3-diphenyIbutyl ketone, 15 presumably by the sequence shown. 
Similar rearrangements might be expected in comparable systems, but 
have not been investigated. 

O C,H S O C,H S 

RC + CH,=CHCCH, — RCCH.CHCCH- (I 4 ) 

I r I 

C,II S C.Hj 

»» Kooym&n and Farenhorst, fi« Tr or Ch>m , 70, 887 (1931) 

“ Willing. “Free Radical Rearrangement*,” in P DeMayo, Molecular BrarrasgemmU. 

•* Weinatoc* a ad Lewis. J. Am. CJwm. Sec , 79, «« (ISS7) 
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C 6 H s C s H 5 


O C 6 H 5 O _ 

I! . I II I i 

R — CCH a CHCCH 3 — R— CCH 2 CH— CCH 3 


(15) 


c 6 h s 


o 


c 6 h 5 c 6 h 5 


o 


^ 6®-5 ^ 6-^5 


o 


R— C— CH 2 CH— CCH 3 


RCHO R — C — CH,CH — CHCH, -f R— c ‘ 


(16) 


As an example of halogen migration, the addition of bromotrichloro- 
methane to 3,3,3-trichloropropene gives a complex mixture of products 
(A, B, and C) 'which seems to require halogen migration as indicated. 16 


CH 2 =CHCC1 3 + -CC1 3 — 
CClaCHjCHCCla 


■ CC1 3 CH 2 CHC1CC1 2 ■ 


CCl.Br 


Cl- + CH^CHCCla 


^CC1 3 CH 2 CH=CC1 2 

(B) 

■ CClaCHCHaCl Br v 


Cl- 


CClaCHzCHaCCySr 

(A) 

(17) 


CCL,BrCHClCH 2 Cl or CCLjCHBrCHjCl 
(C) 


Since the structure of C was not unequivocally determined, occurrence of 
the second rearrangement remains in doubt. 

Ring-opening reactions may take place in highly strained systems and 
are exemplified by the addition of carbon tetrachloride to a-pinene. 1 ' 




(IB) 


Similar products result from the addition of other carbon radicals, although 
with mercaptan additions where the displacement step is very rapid no 
ring opening occurs. 

11 Nesmeyanov, Freidlina, and Zakharin, Dohlady A had. Kaul: USSR, 81, 1" ( 195l l 
[C..4., 47, 3789 (1953)]. 

15 Oldroyd, Fisher, and Goldblatt, J. Am. Chm. Soc., 72, 2407 (1950). 
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Ring closures, essentially the reverse of sequence (18), are also possible 
in additions to suitable dienes. Thus the reaction of carbon tetrachloride 
with diallyl ether follows the sequence shown. 1 ® 




o 



•CClj 


C19) 


Similar processes have been reported. A tncyclene derivative is the 
predominant 1 : 1 addition product obtained in the reaction of bromotri- 
chloromethane with 5-methylenebicyclo[2.2 lJhept-2-ene. 1 ® 



VO) 

■COa 

Finally, additions are sometimes complicated by side reactions involving 
loss of halogen from intermediate radicals. Reaction sequence (17) 
provides an example, as does the addition of bromotrichloromethane to 
allyl bromide which yields D, E, and F .*° 

•CCJ, +■ CH f Br — CCJjCH.CHCHjBr — CCI 3 CH,CH=CH, + Br- 

CC1 1 CH,CH=CH ! — ' ->• CCIjCHjCHCHjCCIj — tC °‘ » 

-CC1 S + CCljCHjCII BrCH,CCl, (21) 

(E) 

CHy=CKCHjBr + Br — CH t BrCHCH t Br ~ ” lCC ‘* > 

•CClj + CH,BrCHBrCH t Br 
(f) 

It w . s. Fnedlander, Am. Chm Soc Jfetfmf A Mr . 133. 18N (1958). 
u Hu;s?r and Echegafay. J. O'} Chm . 87. «» 

„ Kh«TMch and Saga, J- Or}. Chm , 11, *37 (1819). 
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Stereochemistry of Radical Additions 

Radical additions to suitably substituted olefins can yield different 
possible stereoisomeric products : from open-chain olefins, erylhro and three 
pairs. In general, both pairs are obtained, and it is noteworthy that in all 
carbon-radical additions which have heen investigated the same mixture is 
obtained starting from the cis- or the trans-olefin. The presumed explana- 
tion is that the intermediate radical undergoes free rotation about the 
former double bond at a rate which is rapid compared with reaction with 
the addend, AB. 



The stereochemistry of carbon radical additions to cyclic olefins has not 
been studied. However, the addition of hydrogen bromide and of roer- 
captans is preferably trans* and a similar result might be expected with 
carbon radicals. Additions to the bridged norbomene system in contrast 
appear to give solely the cis-exo product, presumably for steric reasons, 
e.g., with ethyl bromoacetate . 21 


CH 2 BrC0 2 C2H5 + 



In additions to 1,3-dienes, attack of the resulting allylic radical on the 
addend can give rise to three possible products shown in (23). In general, 
, a dition is preferred, but the relative amounts of cis and trans product 
have not been investigated in detail. From analogy to results in butadiene 

• Chapter 4. pp. 157 ^,1 173. 

" J ' '<">• Cknn. Sor. Muting Al,'.r.. 128 , 19-0 ( 1955 ). 
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A- + CH,=CJI — ClU=Ci! t 


ACH,CH — 011=011,* 
ACH,CH=CH — CH g 


ACIIj CH.B 

\ / 

C=C H 


ACII. II 

\ / 
c=c 
/ \ 

II Cl 


+ ACIIgCHBCH-CH, 


Jiolymenzation" ond investigations of the gtereochcniLstry of atlyhe 
radicals, 13 it might ho expected that th e/ra-w product would pmlonunate 
and its relative yield would be increased at lower temperatures. 


SCOPE AND LIMITATIONS 

Polyhalomethanes (Tables V-VII1) 

As a class, the polyhalomethanes have readied the greatest amount of 
study in radical addition reactions Most of the mirrewful additions have 
involved a tri- or tetrn-lialomethane, ami displacement occurs on halogen 
in the order I > Ur > Cl Tlius w ith bromotrichloromethane the reaction 
follow a the course 

ccyir + CHj-CIIlt -.CCl.CTI.ClIBrll 
by way of the eequence 

•ret, + ciig— cult -ccigcu/im 

COjCTf.CHK + Cn.Hr -CCtjCir^CKBrlC -t on, 

Reactions involving carbon tetrachloride ami bromolrichVwoniethane are 
listed in Tables V and VJ, respectively. 

luilotnlluoromethane is the only tnltoorometliane that give* good 
jieMs of addition product (Table VII). 

ct,i -t cii,— nut — o'.nr.ntm 
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of higher molecular weight may be built up by a stepwise process (rather 
than telomerization). 24 While a four-center essentially non-radical reac- 
tion was suggested, it seems more likely that the products result from 
radical addition of initial 1 : 1 adducts to additional olefin. 

Other polyhalomethane additions are listed in Table VIII. It is 
noteworthy that, in contrast to other polyhalomethanes, chloroform adds 
by hydrogen transfer ; for example, 

CHC1 3 + CH 2 =CHR — CC] 3 CH 2 CH 2 R 

via 

•CC1 3 4- CH 2 =CHR — CC1 3 CH 2 CHR 
CClaCHoCHR 4 - CHC1 3 — CC1 3 CH 2 CH 2 R 4- -CC^ 

With polyhalomethanes less reactive than bromotrichloromethane, 
telomer formation is a serious complication in additions to simple olefins, 
although it can be minimized by working at high addend rolefin ratios. 
The other serious side reaction in halomethane additions is abstraction of 
allylic hydrogen, as discussed in the previous section. 

Aldehydes (Table IX) 

The addition of an aldehyde to an olefin results in the formation of a 
ketone. c 3 H 7 CHO + C H 2 =CHR - C 3 H 7 COCH 2 CH 2 R 
C 3 H,CO 4- CH,=CHR — C 3 H 7 COCH 2 CHR 
C 3 H 7 COCH 2 CHR 4- C 3 H 7 CHO — C 3 H,COCH 2 CH 2 R -f C 3 H 7 CO 

In some cases, the yields of 1 : 1 adducts are fairly good. With simple 
olefins such as ethylene, telomer formation does occur. Polar effects are 
important, and higher yields may be expected from additions of a given 
aldehyde to an olefin that has electron acceptor properties. Pcrfluoro* 
dlefins and olefins having carbonyl groups conjugated with the double 
bond fall in this category'. 

A side reaction which tends to lower the yields of ketones is the decar- 
bonvlation of the acyl radical. 
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Alcohols (Table X) 

Primary and secondary alcohols add to olefins to form secondary and 
tertiary alcohols, respectively 

CIIjCH ( OII -t CH,=CHR — CII,CHOIICH,CH,R 


CH,CHOII + CH,= CHR — CH,CHOHCH,CHR 
CHjCJIOHCHjCHR + CH,CH,OH — Cl! t CHOHCH t Clt t n + CH,CHOH 
Similarly, 

<ClI|>,CHO!( + CH,— CHR — (CH 1 ),C{OH)CH 1 CH,R 
The addition of methjl alcohol to olefins results in the formation of 
primary alcohols 

Cl I, OH + CH,— CHR HOCH,CH,CH,R 

Tertiary alcohols, having no a-hydrogen atoms, do not add to olefins in a 
free radical chain reaction 

In all reported additions of alcohols to alkenes telomers are formed. 
With perfiuoroolefins. fairly high yields of 1 : 1 addition products can be 
obtained, presumably because of favorable polar contributions in the chain 
transfer reaction. The tendency toward telomer formation with a given 
olefin is C1I,0H > primary alcohol > secondary alcohol. With high 
alcohol to olefin ratios and a sufficiently high reaction temperature, fairly 
good yields of 1 : 1 adducts can be obtained with secondary alcohols. 

Although some photoinitiated additions of alcohols to olefins have been 
reported, the most notable success has been obtained with reactions 
initiated by di-l-butyl peroxide Acyl peroxides undergo an induced 
decomposition with alcohols and are generally not effective initiators. 
(See the discussion of initiators, pp. 112-117) How ever, benzoyl peroxide 
has been used successfully to initiate additions of alcohols to perfluor o- 
alkenes Azobisfisobutyronitrile) is also ineffective as an initiator for 
alcohol additions, presumably because of the stability of the initiator 
radical 

Amines (Table XI) 

In contrast to most polar reactions of amines, their radical addition to 
olefins involves the hydrogen atom on a carbon atom bonded to nitrogen. 
For example, piperidine adds to 1-octene to form 2-octylpiperidme 



>-C,H„CH=CH, + 
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The chain sequence for this addition is 


H 


> 



+ CH„=CHC„H,Tn 


H 


SN" 

H 


H 



H 




H 


CH 2 CHC 6 Hj 3 -7t + H 


H 


H 




"N 

II 

H 


< 


CH 2 CHC b Hj 3 -» 


H 


H 


H 




H H H 


H 



H 




CH,CH,C.H n -n + H 


H 


H 


H 


> 



'N- 

H 


H 


Additions of amines are generally initiated with di-<-butyl peroxide. 
Although some of these additions have been initiated photochemically, 
the reactions of amines with acyl peroxides render these peroxides ineffec- 
tive as initiators. (See the discussion of initiators, pp. 112-117). 


Formic Acid Derivatives (Table XII) 

Methyl formate is the only formate ester which has led to isolable 
products in free radical addition reactions. In the addition of methyl 
formate to n-alkenes the carbonyl-bonded hydrogen atom, as in aldehydes, 
undergoes abstraction in the transfer step yielding methyl esters as addi- 
tion products. 

HC0 2 CH 3 + n-C 6 H 13 CH=CH 2 — u-C 6 H 13 CH„CH 2 C0 2 CH 3 
via 

•C0 2 CH 3 + n-C 6 H 13 CH=CH 2 n-C 6 H 13 CHCH 2 C0 2 CH 3 
n -C 6 H 13 CHCH 2 C0 2 CH 3 + HC0 2 CH 3 — 

n-C 6 Hj 3 CH 2 CH 2 C0 2 CH 3 + -C0 2 CH 3 

In all reported additions of methyl formate, a considerable amount of 
telomeric product was formed and yields of 1 : 1 addition product were 
somewhat modest at best. 

Ethyl formate, although it participates in a chain reaction with ethylene, 
leads to a mixture of products. Not only the carbonyl-bonded hydrogen 
atom undergoes abstraction in the transfer step yielding ethyl esters as 
addition products, but the abstraction of a hydrogen atom from the 
alcohol portion of the ester also occurs yielding formic esters of telomeric 
secondary alcohols. 

N- Alkyl formamides react to form a mixture of products. Abstraction 
of the carbonyl-bonded hydrogen atom in the transfer step results in the 
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formation of the N-alkyl amides of carboxylic acids. However, the 
transfer process can also involve the hydrogen atoms of the nitrogen- 
bonded alkyl portion of the molecule yielding telomeric N-alkyl form- 
amides as products 

The additions were initiated with di-t-butyl peroxide, benzoyl peroxide 
having proved ineffective Attempts at photochemical initiation in the 
case of methyl formate Mere also unsuccessful , considerable amounts of 
carbon monoxide and methanol were formed. 

Esters and Acids (Table XIII) 

A hydrogen atom of a methylene group such as that in malonic ester, 
acetoacetic ester, or methyl cyanoacetate is readily abstracted by free 
radicals The resulting free radical readily adds to terminal olefins A 
free radical chain sequence involving these reactions yields the alkylated 
ester. For example, malonic ester and 1-octene react to form n-octyl- 
malomc ester. 

CII,(C0 3 CjH 4 ) a + n-CjHjjCH-CHj - n.C,H„CH 2 CH t CH(CO £ C.,H,)., 
via 

CH(CO t C a H t ) t + n-C,H 1 ,CH=CH J n-C,H IS 6HCH 2 CH(C0 2 C*H 5 )., 
n-C,H 1J CHCH,CH(CO i C t H J ) + CH 2 <CO,C 2 H s ) 2 - 

n- C,H j jCHjCH 2 CH (C0 2 C 2 H 5 ) 2 + CH(CO,CjH,), 

This method of alkylating active methylene compounds has been 
employed with success under proper experimental procedures (a high ratio 
of ester to olefin and a high reaction temperature), and 1.1 addition 
products have been obtained in good yield. Other esters and acids can 
also be alkylated in the a position in this manner. 

Certain a-halo esters add to olefins in reactions involving the transfer of 
a halogen atom. For example, the addition of ethyl x-bromoacetate to 
1-octene yields ethyl y-bromocaprate. 

BrCHjCOjC 2 H 5 + n-C,H I ,CH=CH I - «-C t H I3 CHBrCH 2 CH 2 C0 2 C 2 H £ 
•CHjCOjCgHj + n-C,H„CH=CH, -►n-C s H I2 CHCH 2 CH 2 C0 2 C 2 H s 
n-C,H„CHCH 2 CH 2 C0 2 C 2 H s + BrCHjCOjCjHj — 

n-C 4 H,jCHBrCH 2 CH 2 COjCjHj + CHjCOjCjHj 
Other acid derivatives, e g , nitriles and acid chlorides, undergo comparable 
reactions and are included in Table XV. 

Most ester addition reactions have been initiated with di-t-butyl per- 
oxide, although the reactions involving the halo esters were initiated with 
benzoyl peroxide and azobi8(isobutjTomtrile) 
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Ethers and Acetals (Table XIV) 


The work in this area of Kharasch additions is somewhat limited and the 
examples are taken largely from the patent literature. These additions 
involve the hydrogen atoms on a carbon atom bonded to oxygen in the 
transfer step, and subsequent addition of the ether radical to the olefin in 
the chain sequence as shown for the addition of methylal to maleic anhy- 
dride. 


•CH(OCH 3 ) 2 


CH 


CO 

✓ \ 

\ 


(CH 3 0) 2 CHCH — CO 


o 


CH 


\ CHj(Ocnp. 


CO 


•CH— CO 


(CH 3 0)X'HCH — CO 

! \ 


,0 + •CH(OCH 3 ) 2 


CH,CO 


Most successful additions of ethers or acetals are to unsaturated compounds 
that will give favorable polar contributions both in the addition and in the 
chain transfer steps of the chain sequence. Maleic anhydride, cc,/?* 
unsaturated esters, and perfluoroolefins have been used with success. 


Miscellaneous Additions 

A few other types of molecules which undergo radical addition to olefins 
are collected in Table XV . It is worth noting that, at very high tempera- 
tures and pressures, radical additions of simple alkanes to olefins occur, 
initiated either thermally or by high-energy radiation. However, since 
such reactions lie outside the range of usual laboratory practice, they are 
not treated in detail. 

INITIATION 

The factors involved in the initiation of Kharasch addition reactions are 
extremely important in determining yields and in dictating the choice of 
reaction conditions. The methods of initiation, i.e., the introduction of 
free radicals in the reaction mixture, can be divided into three general 
types: (1) chemical initiation, (2) photoinitiation, and (3) high-energy 
radiation. Chemical initiators have the advantages of ease of handling 
and modest equipment requirements but have disadvantages in their 
temperature requirements and in the side reactions they may undergo. 
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Photoinitiation and high-energy radiation are temperature-independent 
and do not require the addition of chemical reagents to the reaction mix- 
ture. However, they require more elaborate equipment 

Chemical Initiators 

Two chief types of initiators have been used to induce Kharasch addition 
reactions . organic peroxides and azobis(nitriles) The common feature of 
these materials is that, in the absence of any induced reactions, they can be 



p 469 


decomposed thermally into free radicals in a first-order reaction. Figure 3 
shows the half-lives of some of the initiators useful in starting free radical 
chain reactions at ordinary temperatures (0-200°) 

Since addition reactions require a continual supply of radicals to start 
chains it is evident that with a given initiator a temperature should be 
chosen so that the desired reaction time corresponds to not more than a few 
half-hves of the initiator. Alternatively, the reaction may be carried out 
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at a higher temperature with continuous or incremental addition of the 
initiator. 

The chemistry of these chemical initiators can best be discussed in terms 
of dialkvl peroxides, acyl peroxides, and azobis(nitriles). 

Dialkyl Peroxides. The most readily available and widely used com- 
pound of this class is di-f-butyl peroxide (DTBP). This material under- 
goes the following smooth first-order decomposition both in solution and in 
the gas phase. 

(CH 3 ) 3 COOC(CH 3 ) 3 - 2(CH 3 ) 3 CO- 

(CH 3 ) 3 CO' — CH 3 COCH 3 ~ CH 3 - 

The extent of the secondary reaction is dependent on the reactivity of the 
solvent toward the f-butoxy radical formed in the primary reaction. The 
primary reaction, which i.s rate-dctcmiining, has a half-life of about 20 hours 
at 120°. The half-life decreases to about 1 hour at 150°, making this 
material a useful initiator in the temperature range 110-150°. This 
temperature range makes di-f-butyl peroxide useful in addition reactions 
involving an addend with a low chain transfer constant at lower tempera- 
tures. Indeed, the reason certain additions are feasible with di-f-butyl 
peroxide as the initiator may be that the temperature required to start the 
reaction is high enough to let the transfer reaction compete successfully 
with the polymerization step. 

Advantages of di-f-butyl peroxide over acyl peroxides are that it shows 
little tendency to undergo induced decomposition and that its rate of 
decomposition is solvent independent. Furthermore, the radicals formed, 
f-butoxy radicals in the initial decomposition and methyl radicals in the 
possible elimination reaction, are both very reactive and capable of partici- 
pating in steps which will start the desired free radical chain reaction. 

Dicumyl peroxide, which is now commercially available, has received 
less study. 

Acyl Peroxides. The most familiar examples of this class of peroxides 
are benzoyl peroxide and acetyl peroxide. These peroxides are thermally 
decomposed according to the scheme 

O O O 

!! I 1 i, 

RCOOCR — 2RCO- 
O 

II 

RCO- -P.-yCO, 

(R -» CH 3 or C c H s ) 

The decomposition of acetyl peroxide appears to proceed almost entirely 
to furnish methyl radicals and carbon dioxide. Benzoyl peroxide, on the 
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other hand, does give evidence of a benzoyloxy radical in its decomposi- 
tion, and the amount of the secondary elimination reaction is dependent on 
the nature of the reagents with which the benzoyloxy radical may react. 

The first-order decomposition rate of these peroxides is such that they 
have reasonable half-lives in the range 50-100° However, the rate of 
disappearance of an acyl peroxide is also dependent on its environment, 
certain solvents being capable of causing a rapid induced decomposition 
which renders most of the peroxide ineffective as an initiator for the 
desired chain reaction 

The chemistry’ of the induced decomposition of benzoyl peroxide by 
ethers was elucidated by Cass M The ether radical formed by abstraction 
of an a-hydrogen atom by a peroxide radical fragment reacts very rapidly 
with unreacted peroxide, yielding 1-ethoxyethyl benzoate and propagating 
a chain reaction as shown in the reaction of benzoyl peroxide with diethyl 
ether. 

O O IIO 0 

Hi Ml II 

CHjCHOCjH. + C,H 4 COOCC,Hj CH,C— OCC,H, + C,HjCO 

OC,Hj 

o o 

II II 

C ( HjCO + CHjCHjOCjHj — C,H s COH + CH s CHOC,H s 
Primary and secondary alcohob induce the decomposition of acyl 
peroxides in a similar manner with resulting oxidation of the alcohol to an 
aldehyde or ketone 11 Acyl peroxides also react rapidly with amines, 
apparently chiefly by a non-radical path 81 Because of these reactions 
acyl peroxides are obviously poor choices for the initiation of chain addi- 
tions of ethers, alcohols, and amines to olefins They have, however, been 
used successfully to initiate other additions; e g , the lower- temperature 
requirements of acyl peroxides render them useful in additions of aldehydes 
where the higher temperature required by dialkyl peroxides might lead to 
excessive decarbonylation 

Azobis(nltriles). The most familiar example of this type of initiator 
is azobis(isobutyromtnle) This compound undergoes a first-order decom- 
position in the manner shown. The decomposition rate is not affected by 

CN CN CN 

I I I 

(CHj) 3 C — X=N — C(CHj)j - 2 (CHj) 2 C + N, 

«« Chi, J. Am. Chtm Soc . 69. 500 (1947) 

II Kharasch, Fned Under, end Vtrj.J Org Chtm . 14, 91 (1949) 
t> Welling end Indictor, J Am. Chtm Soe , 80, 38 14 (1938) 
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the environment, the material decomposing at essentially the same rate m 
a variety of solvents. The half-life of azobis(isobutyronitrile) is about 
20 hours at 60° making it useful as an initiator in the temperature range 
from 40° to 80°. By varying the substituents, azobis(nitriles) that decom- 
pose at other temperatures may be obtained. 

Although azobis(isobutyronitrile) does not show induced decomposition 
the resulting cyanoisopropyl radical is quite unreactive, so its efficiency as 
an initiator is often quite low. Accordingly its use is restricted to highly 
reactive olefins or addends such as bromotrichloromethane. 

Other Chemical Initiators. A variety of other compounds are 
known which undergo thermal decomposition into radicals and might be 
expected to induce radical addition processes, but they have not been 
investigated in detail. Peresters such as t- butyl perbenzoate decompose 
at rates intermediate between dialkyl and diacyl peroxides. Hydro- 
peroxides also yield radicals, but at rates which appear to be highly 
solvent-dependent and which are also complicated by induced decomposi- 
tion. A number of radical-producing redox systems are known, such as 
the combination of ferrous ion and hydroperoxide, which reacts as follows. 

ROOH -h Fe+ 2 — RO- -f Fe+ 3 + -OH 

All of these can undoubtedly be used in suitable systems and it is worth 
noting that some olefin-addend systems often react spontaneously on 
heating, perhaps as the result of dissociation of adventitious peroxidic 
impurities. 

Photoinitiation 

Ultraviolet light has been used successfully in many instances to 
initiate free radical addition reactions. On absorbing electromagnetic 
radiation a compound is excited to a higher electronic energy level. The 
amount of energy absorbed depends on the frequency of the radiation 
according to the relation 

E = hv 

where h is Planck’s constant and v is the frequencv of the vibration. Id 
the ultraviolet range (4000-2000 A), the energy absorbed amounts to 
71-4r-142.8 kcal/mole. This is sufficient to rupture covalent bonds in an 
organic compound. Most organic compounds absorb radiation in this 
range, hut the absorption does not necessitate a dissociation into & ee 
radicals. Other non-radical reactions or phenomena associated with 
absorption such as fluorescence or loss of the absorbed energy in collirion 
with other molecules, particularly in the liquid p has e, can also serve as 
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outlets for the absorbed energy In some cases, however, the molecule is 
dissociated directly on absorption of light into free radicals, and light 
serves as a useful means of initiation 
The feasibility of using light to initiate the free radical reaction is 
dependent on the system involved Some compounds absorb light in the 
near ultraviolet (3000 A or above) and are dissociated very readily into 
free radicals. Bromotrichloromethane is one good example, and additions 
of this compound are readily initiated by illuminating reaction mixtures 
with ordinary sunlight or with a commercial sunlamp Pyrex, however, 
is not transparent to light of shorter wavelength than 3000A. If the 
reactants require light below the lower limit of transparency of Pyrex, 
another container 6uch as quartz, which is transparent to ultraviolet 
irradiation, is required Production of ultraviolet light of lower wave- 
lengths requires mercury vapor lamps or some other source of illumination 
Photoinitiation has proved useful in several addition reactions of poly- 
halomethanes and certain alcohols and amines The ultraviolet ab- 
sorption characteristics of other compounds suggest the feasibility of 
photoinitiated addition reactions However, the possibility of photo- 
chemical reactions other than the desired initiation process exists For 
example, methyl formate when illuminated undergoes extensive decom- 
position into carbon monoxide and methyl alcohol with no detectable 
amount of addition product in the presence of 1-octene. Aldehydes and 
ketones illuminated in the presence of non-terminal olefins and acetylenes 
yield derivatives of trimethylene oxide “ 

RjC — CR a 

R.C=CRj + R,C=0 | | 

o-cr 2 

High-Energy Radiation 

The use of a and /? particles, y rays, and x-rays to initiate free radical 
chain reactions has received a considerable amount of attention in the last 
few years The effect of such high-energy radiation on organic matter is 
complex and involves initially chiefly the stripping of electrons from 
molecules to form ions However, in secondary processes a significant 
amount of the total energy absorbed (up to perhaps 20 %) may go into the 
homolytic cleavage of bonds to form radicals These radicals in turn can 
induce radical addition processes, but the often low radical yields and the 
complex equipment and shielding required make the technique rather 
marginal for synthetic purposes except under rather special conditions. 

»• Buchi, Inman, and Lipmsky, J. Am. Citm Soc , 78, 4327 (1954) 
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EXPERIMENTAL CONDITIONS 
Purity of Reagents 

Since the reactions with which we are dealing are chain processes, traces 
of impurities which can interrupt chains can greatly lower yields or 
prolong reaction times. Accordingly, it is generally desirable to work 
with freshly distilled reagents of known purity. Reactive monomers such 
as vinyl acetate and styrene must be freed of inhibitors that have been 
added to prevent polymerization during storage. Phenolic inhibitors can 
be removed by extraction with dilute aqueous base before distillation. 
In some cases, trace impurities which cannot be readily removed can 
effectively be “burned up” by the use of additional initiator. Since 
oxygen commonly interferes with radical chain processes, yields may be 
improved and reactions accelerated by the use of an inert atmosphere or by 
vigorous boiling to displace air from the system. Metal salts may also 
interfere in some systems, and when reactions fail in metal vessels con- 
tamination should be suspected. 

Concentration of Reactants 

The most serious side reaction encountered in attempting to prepare 
simple 1:1 addition products is the formation of telomers. Telomers 
result from addition of the adduct radical to another molecule of olefin 
instead of chain transfer with a molecule of adding reagent. The rate of 
the addition reaction can obviously be minimized by lowering the concen- 
tration of the olefin. Consequently, in systems where the chain transfer 
constant is less than one, it is preferable to use a high molar ratio of adding 
reagent to olefin. One method of accomplishing this is to add the olefin 
to the reaction mixture very slowly, allowing the previously added portion 
to undergo almost complete reaction before more olefin is added. This 
procedure has made possible the formation of 1 : 1 addition products in 
good yields even with highly polymerizable monomers such as vinyl 
acetate. Where experimental conditions prohibit such slow addition, it is 
advisable to begin with a high concentration of the adding reagent with 
respect to the olefin. 

Temperature 

When telomer formation is a serious complication, it can often be 
diminished by increasing the reaction temperature. Thus many addition 
reactions which give low yields of 1:1 addition products at 50-80°, a 
temperature range suitable for such initiators as benzoyl peroxide, acetyl 



GARBOS' CARBON BONDS BY RADICAL ADDITIONS 


peroxide, and azobis(isobutyrowtnle), might be expected to give higher 
yields if initiated with di-f-butyl peroxide, an initiator effective m the 
range 120-150° 

Complications may, of course, arise in carrying out reactions with low- 
boiling reagents at elevated temperatures In some cases, slow addition 
of the more volatile component is satisfactory, a3 in the reaction of vinyl 
acetate with dimethyl malonate Otherwise, the use of pressure equip- 
ment is required 

EXPERIMENTAL PROCEDURES 

f-Amyl Alcohol (Addition of Isopropyl Alcohol to Ethylene). 29 
A solution of 4 5 g. (0 03 mole) of di-f-butyl peroxide in 425 g (7 07 moles) 
of isopropyl alcohol is heated to 125-130° in a glass-lined stainless steel 
autoclave A pressure of ethylene of 200-300 lb /sq in. is maintained 
above the solution and the gas is mixed with the liquid by means of a 
Magnedash stirrer In 20 hours, approximately 2 0 moles of ethylene 
reacts. Distillation of the reaction mixture yields a low-boiling fraction 
consisting of the peroxide decomposition products, acetone and f-butyl 
alcohol After removal of the unreacted isopropyl alcohol by distillation, 
the 1 : 1 addition product is collected at 66°/165 mm The yield of 1-amyl 
alcohol (nj, 0 I 4052) is 76 g , 36% based on the ethylene reacted 

Further fractionation of the reaction mixture gives 24 2 g of the 2:1 
addition product, 2 methyl-2-hexanol (82°/80mm, 14180); 16 Og. 

of the 3:1 addition product, 2-methyl-2-octanol (66°/8 mm , njf 1.4282): 
and 10 5 g. of the 4 : 1 addition product, 2-metbyI-2-decanoI (75°/0.3 mm., 
wf? 1.4368) A residue of 18 5 g with an average molecular weight of 
274 remains 

3,3-Dicarbomethoxypropyl Acetate (Addition of Dimethyl Malo- 
nate to Vinyl Acetate). 30 In a 500-ml flask equipped with a condenser 
and a dropping funnel, 198 g (1.5 moles) of dimethyl malonate is heated to 
150-152°. A mixture of 12 9 g (0.15 mole) of vinyl acetate and 4 4 g. 

(0 03 mole) of di-f- butyl peroxide is added from the dropping funnel to the 
heated ester during 4 hours. The reaction mixture is heated for an 
additional 30 minutes, then the peroxide decomposition products and 
unreacted dimethyl malonate are removed by vacuum distillation. 
Fractionation of the high-boiling residue yields 21 g. (65 % based on vinyl 
acetate) of 3,3 dicarbomethoxypropyl acetate (108-1 15°/3 mm., n™ 
1.4370, mol. wt 216). About 0.5 g of tetramethyl ethane-1, 1,2, 2-tetra- 
carboxylate (m p 135°) and 19 Og of a telomeric residue having an 
average molecular weight of 468 are also obtained 

n Crry, ./•» Clpw. Saf , 79, *97 09**} 
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1-Iodoheptafluoropropane (Addition of Trifluoroiodomethane to 
Perfluoroethylene). 31 A mixture of trifluoroiodomethane and perfluoro- 
ethylene in a 10:1 molar ratio is sealed in a Pyrex reaction tube. The 
liquid phase of the mixture is exposed to ultraviolet radiation for 3 hours, 
after which the reaction mixture is recharged with the same quantity of 
olefin and the illumination repeated for 3 hours. After removal of the 
unreacted trifluoroiodomethane, the 1 : 1 addition product, 1 -iodohepta- 
fluoropropane, is collected at 39-40°. The yield is 94%, based on the 
olefin added. 

Diethyl n-Butyrylsuccinate (Addition of n-Butyraldehyde to 
Diethyl Maleate). 32 A mixture of 72.0 g. (1.0 mole) of n-butyraldehyde, 
43.0 g. (0.25 mole) of diethyl maleate, and 2.0 g. (0.008 mole) of benzoyl 
peroxide is heated at the reflux temperature for 18 hours. During the 
heating, the temperature rises from 82° to 88°. The reaction mixture is 
cooled, extracted with aqueous sodium bicarbonate, washed twice with 
water, and dried over sodium sulfate. Removal of the unreacted aldehyde 
by distillation gives the crude 1 : 1 addition product, diethyl w-butyryl- 
succinate (47 g., 76 %, b.p. 95-108°/0.5 mm.), and 12 g. of a higher-boiling, 
yellow, slightly viscous residue. RedistiUation of the crude diethyl 
u-butyrylsuccinate gives 32 g. of pure product; b.p. 112~114°/1 mm., 
uf 1.4349. 

l,l,l-Trichloro-3-bromo-3-phenylpropanol (Addition of Bro- 
motrichloromethane to Styrene). 33 A solution of 100 g. of bromo- 
trichloromethane, 12 g. of styrene, and 2.3 g. of acetyl peroxide is heated 
to 60—70 for 4 hours. Distillation of the reaction mixture through a 
10-in. Vigreux column gives 78 g. of unreacted bromotrichloromethane 
(b.p. 103—104°) and 27 g. of l,l,l-trichloro-3-bromo-3-phenylpropane 
(b.p. 92 /0.2 mm.). The adduct quickly solidifies to a white crystalline 
mass and, after one recrystallization from methanol, melts at 54.5—55.0 - 
After removal of the 1 : 1 addition product, 6 g. of a high-boiling residue 
remains. 

1,1,1,3-Tetrachlorononane (Addition of Carbon Tetrachloride to 
1-Octene). 34 Carbon tetrachloride (154 g., 1.0 mole), 1-octene (37 g., 
0.33 mole), and benzoyl peroxide (5 g., 0.02 mole) are heated under reflux 
for 4 hours under a positive pressure of nitrogen (15 cm. of mercury)- 
During the heating, the temperature rises from 90° to 105°. Removal of 
excess carbon tetrachloride by distillation leaves a residue which 
yields on vacuum distillation 72 g. of crude 1:1 addition product 

31 Haszeldine, J. Chem. Soc., 1953, 3761. 

33 Patrick. J . Org. Chem., 17, 1009 (1952). 

33 Kharaach. Reinmuth, and Urry, J. Am. Chem. Soc., 69, 1105 (1947). 

Kharasch, Jensen, and Urry, J. Am. Chem. Soc., 69, 1100 (1947). 
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(b p 75-85°/003 mm ) and 13 g of higher tclomers Ilodistillation of the 
crude product gives 66 g (75%) of 1,1,1,3-tetrachIorononane, bp 
7S-79°/0 1 mm , nj° 1 4770 

TABULAR SURVEY 

The follow ing tables list various addition reactions according to the type 
of addend They include reactions that could be found in a literature 
survey up to April 1962 Chemical Abstracts were covered in this survey 
up to January 1962 The reactions chosen for this tabulation are those 
which yielded simple addition products with the indicated unsaturated 
Bpeeies. In some cases a reaction which led to telomeric products w'as 
included to illustrate that addition does occur to the unsaturated com- 
pound listed. 

In tables containing several addends, the addends are listed in order of 
increasing number of carbon atoms The unsaturated compounds are 
listed in the following order, alkenes and alkynes in order of increasing 
number of carbon atoms, halogenated alkenes, unsaturated compounds 
with oxygen-containing functions, and, finally, unsaturated compounds 
with other atoms The method of initiation of the reactions is indicated, 
where possible, by the following symbols: Bz 2 0 2 , benzoyl peroxide; 
Ac 2 0 2 , acetyl peroxide; DTBP, di-t-butyl peroxide; AIBN, azobis- 
(isobutjTonitrile); hv, photoinitiation; Thermal, thermal initiation; y, 
initiation by gamma rays; and Per., peroxidic agents, generally benzoyl 
or acetyl peroxide. 

The yield of addition product listed is the highest reported under the 
experimental conditions in the indicated reference. The experimental 
conditions are not listed in these tables (however, see the following para- 
graph), since it is the authors’ belief that in many cases they are not the 
optimum conditions Proper modifications of the experimental procedure, 
such as varying the ratio of addend to unsaturated compound or raising 
the temperature, might in many cases result in considerable increase in the 
yield of the 1:1 addition product. The yields reported in the tables do, 
however, indicate to some degree the potential synthetic usefulness of the 
reaction. 

Some information about reaction temperatures can be obtained from 
the initiator used Reactions initiated with benzoyl peroxide were 
generally carried out at 60-90°. The same temperature range is generally 
employed for reactions initiated by acetyl peroxide and azobis(isobuty- 
ronitrile), although in some instances slightly lower temperature «50°) 
are possible. Reactions induced w ith di {-butyl peroxide were carried out 
at 110-160°, a temperature range in which the peroxide yields free 
radicals at a rate useful for starting chains. 
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Addition op A minks 

Amino Unsntnratod Compound Initiator Frodtuifc Yiolil, % Bolt* 


138 


ORGANIC REACTIONS 



Natr: Uolwonoos 35 to lltO im> on pp. U7-1-U1. 
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INTRODUCTION 

Free radical chain addition to carbon-carbon multiple bonds to form 
carbon-lietero atom bonds is an important synthetic method of vide 
scope. Carbon-halogen, carbon-sulfur, carbon-silicon, carbon-germanium, 
carbon-phosphorus, and carbon-nitrogen bonds have been formed by this 
method. In this chapter, the mechanism, scope, limitations, and experi- 
mental conditions are treated for the addition reactions that lead to the 
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formation of the six types of carbon-hetero atom bonds mentioned above * 
However, since the direction of addition of free radicals to carbon-carbon 
multiple bonds is common to all the classes reviewed, it is taken up briefly 
first 

In general, experimental procedures for carrying out free radical 
additions are similar irrespective of the addendum, hence, we have 
chosen to collect representative experimental procedures at the end of the 
discussion rather than to include them with the discussions of the classes 
to which they belong 

A theoretical treatment of free radical addition reactions, generally, 
has been given by Walling and Huyser m Chapter 3 of this volume 

ORIENTATION IN FREE RADICAL ADDITIONS 

Historically, the orientation in free radical additions of HX compounds 
to unsymmetrically substituted olefins has been termed anti JIarkownikoff 
or abnormal from the relation of the products to those obtained by ionic 
addition. Thus the free radical chain addition of hydrogen bromide to 
propylene gives n-propyl bromide, whereas ionic addition gives isopropyl 
bromide Present evidence indicates that the orientation in free radical 
additions can be most generally correlated by considering the relative 
stabilities of the intermediate radicals that can be formed in the addition 
step and assuming that the product derives from the more stable radical. 
The prediction of relative radical stabilities is based on the premise that 
radicals have the following order of decreasing stability: tertiary > 
secondary > primary. For example, in the addition of hydrogen bromide 
to propylene, the chain- carrying bromine atom could add to give either 
1 or 2 as the intermediate radical. The secondary radical I would be the 

CHjCHCH.Br CH,CHBrCH t - 

more stable in this instance and the product of the reaction would be n- 
propyl bromide, as observed. In their broadest sense, the designations 
primary, secondary, and tertiary are determined solely by the number of 

• In addition to thew rather extenanely atudied tjpee, there are aeairered report* of tb« 

* dd *\olJ'o^dAren«, Kk Trap C*im . 77. 1170 (t»SS). 

• (n) Cray and W illiaro*. Ck-m Stt , 59, 272 f 19S9J. (6) AII.»or> and Cady. J. Am. OAem. 
Sop. 81. 1089 <t»S9). <P) Kuaaell. *W. 79, 1035 (1*S«). (Jj Khara*ph. Anmolo. and 

CI V Chrm ,18, 1550 (l»51) 

* (a) Smohn, TrrroAeJren Litirrt. 1951. Ml. (6) I Hr an 1 Clark. CAere. <t Ind ( London |. 

1982, HO. <r) Neumann. A a?™-. CArm- Ei £•*(,£. 170(1983) 
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atoms or group* other than hydrogen on the carbon atom benrirur the odd 
electron, without reference to the earhon skeleton of the radical. Of 
course, substituents differ in their stabilizing abilitv so that two radicals 
of equal multiplicity may differ widely iti stability, and a given primary or 
secondary radical may actually be more stable than a particular secondary 
or tertiary one. for example, in addition* to /J-rnct h vlstvrene the inter- 
mediate henzvl radical 3 i* stabilized by resonance and thus much pre- 
ferred to the alternative intermediate 4 . Accordingly", the radical. "X. 

fd-'HCHXCH, f,H,CHXOH Cl f 3 

always goes to the /l-carbon atom of the double bond. From studies of 
radical additions to a group of fluoroolefins the following order of radical 
stabilizing ability lias been derived: H < F < Cl. 4 Tims in additions 
to chlorotrifhioroetliyleno, radicals attack at CF, rather than at CFC1 to 
give the intermediate radical 5. In radical additions of hydrogen bromide J 
and methyl mercaptan 0 to trifluoroethylene. both po«ible adducts are 


X- ~ CIV-CFCl 


■ XCF.CFC! 

5 


formed, suggesting rather small differences, if anv, in the relative stabilities 
CHF=CF. - HBr - CHFBrCHF. - CH,FCF.Br 

(Oj%) (40%) 

CHF=CF„ 4- OH,SH — CIUSCHFCHF. - CH 3 SCF.CH.F 






of the intermediate radicals. Other instances are known wherein both 
possible isomers are formed by the free radical addition. They are dis- 
cussed in the appropriate sections. 

It has been stated- that polar and steric factors play little or no part in 
determining the orientation of radical additions, but recent studies* 
suggest that electronic (polar) factors may play an important role in 
certain eases, such as those wherein the stabilities* of the alternative inter- 
mediate radicals do not differ greatly. Be that as it may. the direction 
ot radical attack can generally be predicted by considering only the 
relative stabilities of the alternative intermediate* radicals. 


free radical hydrohalogenations 

The free radical chain addition of hydrogen halides to unsaturates is a 
convenient and important method for the synthesis of a variety of alkyl 

‘ Heraeldine and Steele, Chtm. .See., 1957 2,93/ 

, 5““® W “ le and Steele, J. Chtrn. .See., 1557 ’ 2800 

, 2"*, f'" J " 7 " Am - <?*«». foe.. 83, 840 (1201,. 

J . Chcm. Soc., 1952, 2501. 
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and alkenyl halides Its use as a synthetic procedure is restricted mainly 
to hydrogen bromide, though a few examples of hydrogen chloride 
additions are known The products of the free radical addition are 
generally isomers of those obtained by the corresponding normal or ionic 
reaction Thus propylene gives only isopropyl bromide under ionic 
conditions, but n-propyl bromide under radical conditions. Exceptions 


CHjCH—CH, 



HBr 


CHjCHBrCH, 





CHjCHjCHjBr 


to this rule occur with certain internal olefins where a 50 50 mixture of 
Isomers is frequently formed by either ionic or radical addition, and with 
a,/J-unsaturated carbonyl compounds where the same product is generally 
obtained under all conditions Radical chain additions have not been 
unequivocally established with the latter compounds, although they 
probably occur 

This discussion and accompanying tables are concerned with reactions 
the radical nature of which has been established or is highly probable. 
Omitted for the most part are those instances w here the same product or 
mixture of products results irrespective of the conditions used. An 
excellent discussion of the historical aspects of the peroxide effect and of the 
published results on hydrohalogenation up to 1940 is contained in a 
review article by Mayo and Walling * 


Mechanism 

The most satisfactory mechanism for the abnormal or anti-Markownikoff 
addition of hydrogen bromide to olefins is the free radical chain process 
involving bromine atoms as the chain-carrying species first proposed by 
Kharasch and co-workers’ and by Hey and Waters 10 

The steps in the chain propagation are shown. The reaction has 

Br -i- CHj=CHR — BrCH,CHR 
BrCHjCHR + HBr — Br€H 2 CH 2 R + Br- 

not been investigated from a kinetic viewpoint, but it shows all the usual 
characteristics associated with radical chain processes. It is initiated by 
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light, 11 by peroxides, 12 and by other radical generating systems; 13 ’ 14 it is 
inhibited by antioxidants such as hydroquinone and diphenylamine, and 
it is relatively independent of the polar nature of the solvent. 

Initiation of the reaction by peroxides or other radical-producing 
initiators probably occurs through attack of the initiating radicals (R , ‘) 
on hydrogen bromide. However, primary attack of initiator radicals on 

R'- + HBr -v Br- + R'H 

the olefin, followed by transfer with hydrogen bromide cannot be ruled 
out. Initiation by ultraviolet irradiation in the absence of photosensi- 

R'- + CH 2 =CHR -* R'CH 2 CHR 
R'CH 2 CHR + HBr — R'CH 2 CH 2 R + Br- 

tizers occurs only in the region below about 2900 A, where hydrogen 
bromide absorbs. Under these conditions the initiation step must be a 
homolytic cleavage of the hydrogen bromide. 11 

Freshly reduced iron, nickel, and cobalt have been shown to catalyze 
the additions to allyl bromide 15 . 16 and to undecenoic acid. 17 ’ 18 It seems 
probable that their effectiveness as initiators is associated with an ability 
to generate bromine atoms from hydrogen bromide. 19 Molecular oxygen 
apparently behaves as an initiator, per se, and not necessarily through the 
intermediacy of peroxidation of the olefin. 19 '' 21 

Chain termination can occur by any of the following processes. 


4- BrCH 2 CHR 
2BrCH,CHR 


- BrCH 2 CH (Br)R 

- BrCH 2 CH(R)CH(R)CH 2 Br 


In general, the chains are long, and detectable amounts of the chain- 
termination products are seldom found. With the single exception of 

" nnd Evans, J. Org. Chem., 7, 477 (1942) 

” >' ,ind M »y°’ J - Am. Chem. Soc., 55, 2408 (1933). 

u n T “ u « h » n ’ U.S. pat. 2,299,411 [C.A., 37, 1722 (1943)]. 

,s Jl <U1 * C , ° - , '“ t,,cho PP'j. Rrit. pat. 008,159 [C.A., 46, 7914 (1952)]. 

Khamsch nnd I’otts, J. Org. Chcm.. 2, 195(1937) 

io.A.^ i2 - 31 < 19 '^ «. 400 (i938) 

49/4. Vo^ ! 13 • 33 >- 571 < 193S ) l c ' A " 32 ' 

„ Chrm.Sor. Japan. 15, 113, 110 (1940) [C.A., 34, 5824 (1940)]. 

s» IwT™" ’ ' " n '- Sar - Ja r y ”'- 60. 717 (1939) [C.A., 30. 0135 (1942)]. 

[c.a .. 3i. cm^ou Chm ‘ s,c ‘ n - 798 < I93fl): 12 ’ 138 ^ 

Urushiliara and Simnmnra, Butt. Chem. Soc. Japan, 14, 323 (1939) [C..-I ., 34, 307 (1940)]. 
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vinylidene chloride, which is said to give a 2 1 adduct, 12 there is no report 
of the formation of telomere of the type Br(CH t CHR) a II ( n > I) This 
fact attests to the great efficiency of hydrogen bromide as a transfer 
agent 

Recently attention has been directed to the stcric aspects of free radical 
additions of hydrogen bromide to olefins and acetj lenes Stereospecific 
frew* additions have been noted with both cyclic and acyclic olefins under 
appropriate conditions Thus the additions of deuterium bromide to cis- 
and frans-2-butene at — G0° to —78° give essentially pure (<1% isomer 
intercontammation) Ihrto- and ery/Aro-3'deutcro-2-bromobutane, respec- 
tively 23 Additions of hydrogen bromide and deuterium bromide to cis- 
and <rans-2-bromo-2-butcnc ore stcrcospccific at —80° in a large excess of 
the liquid halide 24 The stereoselectivity decreases with decreasing 
hydrogen bromide/olefin ratio and with increasing reaction temperature 
so that at 25° the same mixture of 75% dl- and 25% 7neso-2,3-dibromobu- 
tane is obtained from cither ets- or frn?w-2-bromo-2-butene. Both ets- 
and (rans-2-chIoro-2-butene are rapidly equilibrated by hydrogen bromide 
to a mixture containing 80% trans and 20% cis, even at —78° From 
either pure cis • or pure trans-olefin, the adduct consists of a mixture of 
70% tkreo- and 30% erytAro-2-bromo-3-chlorobutane.“ Comparison of 
the product composition with that of the equilibrium mixture of olefin 
isomers (equilibration having occurred prior to addition) shows that trans 
addition predominates here also 

Additions to 1-chloro-, 1-bromo-, and 1 -methyl -cyclohexene occur 
with high stereoselectivity to yield eis-l-bromo-2-chlorocydohexane, 
C»s-l,2-dibromocydohexane, and cw-I-bromo-2-methyIcyclohexane, respec- 
tively 26 . 27 Less than 1% of the trans isomer is formed with I-bromo- 
cyclohexene. However, in comparable additions to 1-bromocyclobutene, 

1- bromocyclopentene, and I-bromocycloheptene, the degree of stereoselec- 
tivity is lower The ratios of cis.trans adducts in these eases arc 79.21, 
94:6, and 91 9, respectively. 28 The difference in stereoselectivity with 
ring size has been attributed to a balance between the mechanistic 
preference for trans addition and the degree of stenc inhibition to formation 
of the cis adducts 28 An interesting case is the hydrobrommation of 

2- bromo-2-norbornene from which the principal products are trans 2,3- 
dibromonorbomane (6) and exo eis-2,3-dibromonorbomane (7), in a ratio 

*» France and Le.tch, Can.J. Chcm , 35, 500. (1957) 

» Skell and Allan, J Am Chcm See , 81, 5393 (1959) 

M Coerce and Laraen, J Am Chcm Soc . 81. 5937 (1959) 

» Neure.ter and BordweU, ■> Am Chcm ** > *2’ 5334 ,1960) 
la Gocnng Abell, and Aycock, J Am Chtm See , 74. 3588 (19S2) 

” Goerme and Sima J Am Chtm Sec . 77. 3465 (1955) 
la AbeI1 and 0hiaOt j. Am Chcm See . 82, 3010 (I960). 
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of about 5:2. ‘- 3 The formation of both of these products can be explained 
by an initial exo attack of a bromine atom followed by transfer with 



hjdrogen bromide. The major product derives from transfer from the 
less sterically hindered exo side and is formally then a cis addition. 
Adduct 7, on the other hand, derives from the usually dominant trans 
addition, inhibited in the present case by the steric factor. 

Both cis and Irons additions to acetylenes have been reported. Propyne 
gives^solely cts-l-bromo-l-propene when irradiated in the liquid phase at 
CO to —78 .”° In the gas phase, rapid equilibration of the product 
prevented determination of the degree of stereoselectivity. The formation 
of c7Z-2,3-dibromobutane by addition of hydrogen bromide to 2 -butyne 31 
most certainly involves two consecutive stereospecific Irons additions, 
although this was not recognized at the time the work was done. Addi- 
10 ns to l-bromopropyne and to l-bromo-3,3-dimethy]-l-butyne have been 
reported to yield predominantly to»w-l,2-dibroniopropene and trans- 1,2- 
dibromo-S^-dimethybi-butone, respectively, by cis additions. 32 The 
tion of hydrogen bromide to phenylpropiolic acid in benzene solution 
tonns Imns-a-bromocinnamic acid in 95% yield. 33 The radical nature of 
is addition, although not proved, seems probable in view of the fact that 
ca echol inhibits the formation of this product. Further studies appear 
o e required to elucidate the apparent differences in the stereochemistry 
ot the additions to acetylenes. 

i degree of stereoselectivity observed in hydrogen bromide 

additions requires that the rate of the chain transfer step* compete success- 
u y -vut that of radical interconversion through rotation about a C — C 
° J m ^ e ca&e c y clic c °nipounds, with conformational isomeriza- 
mn Several proposals have been put forward to rationalize the stereo- 
selectivity and dominant Irons addition. An intermediate with the 
n ge s °ture 8, together with contributing forms containing three- 
electron bonds, has been considered. 3 ® The possibility of existence of 


” Am - Chem. Soc., 82, C23 (1000). 

EM and Allen, .7 Am. Chem. Soc., 80, 0907 (1908). 

v\ ailing, Kharasch, and Mavo 7 A™ m 0 * 

22 t v'v v. .. Jidyo, */. Jim. Chem. Soc.. R 1 1711 

z2 Ka.HiKe.zi%uU r 'ch UlL ff Cai ' SCi ' USSI{ ’ Div - Chern. Sci. (L'n-jl. Tranel.), 1960, H7S. 
KaSmagl - BUIL C ^-m. Soc. Japan, 25, 81 (1902); 31, 980 ( 19587 . 
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such an intermediate at low temperatures has been demonstrated by 
EPIl studies.* 1 However, the concept appears inadequate to explain 
some of the observations in hydrogen bromide additions * 9 



An alternative proposal envisions reaction betw een a bromine atom and an 
olefin hydrogen bromide complex* 1 -* 7 ' 30 as a means of rapid hydrogen 
atom transfer Neureiter and Borduell* 5 have recently proposed a polar- 
stenc scheme wherein the development in the transition state 9 of a dipole, 


H 


X«' 


oriented away from the largest permanent (negative) dipole on the 
saturated carbon atom, causes the molecule undergoing transfer to 
approach the radical center trans to the most negative group on the 
saturated carbon atom 


Scope and Limitations 

The radical addition of hydrogen bromide has been applied to a con- 
siderable variety of unsaturated compounds, including terminal olefins, 
halogenated ethylenes, internal (including cyclic) olefins, mono- and di- 
substituted acetylenes, vinylsilanes, etc. The reaction with terminal 
olefins is a very general one for the synthesis of the corresponding 1- 
bromoalkanes, although substitution of certain groups such as chlorine, 
bromine, or carboxyl on the terminal carbon atom of the double bond can 
direct the addition to yield the 2-bromo adduct as in the following 
examples * 

CH,CH=CHC1 + HBr (C ? H ‘ COO> V CH 3 CHBrCH 2 Cl 

CH s CH=CHBr + HBr <C » 1T « C00) « > . CHjCHBrCHjBr 

1-Bromo-l -hexene, which reacts only very slowly with hydrogen bromide 
in the presence of an antioxidant, gives a 75% yield of 1,2-dibromohexane 
in 1 5 hours at 10° in the presence of a trace of peroxide. 35 

a * Abell and Piette, J. Am Chem Soc , 84, SIS (1962) 

•• Young, Vogt, and Nieuwland, J. Am. Chtm Soc , 58, 1808 (1936) 
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The direction of addition to allylsilanes is remarkable in that some 
reactions lead to Markownikoff products even in the presence of per- 
oxides. 30 * 37 

CISi(CH 3 ) 2 CH 2 CH==CH 2 + HBr — C °° >2 >- ClSi(CH 3 ) 2 CH 2 CHBrCH 3 

(CH 3 ) 3 SiCH 2 CH=CH 2 + HBr i£« I t » C00) » > (CH 3 ) 3 SiCH 2 CHBrCH 3 
However, 


Cl 3 SiCH 2 CH=CH 2 -f HBr ■' -00)2 > Cl 3 SiCH 2 CH 2 CH 2 Br 

Cl 2 Si(CH 3 )CH 2 CH=CH 2 + HBr — tH ' C °° ); >- Cl 2 Si(CH 3 )CH 2 CH 2 CH 2 Br 

These observations might be considered manifestations of the predomi- 
nance of ionic addition in certain reactions and of radical addition in 
others, but this seems unlikely in view of the fact that yields are high and 
mixtures of isomers are apparently not obtained. 

Unequivocal evidence for radical chain addition to a,/5-unsaturated acids 
and esters has not been presented, and it is reported in nearly all cases 
studied that the same products (the /9-bromo acids or esters) are obtained 
in the presence or absence of peroxides or antioxidants* This may mean 
that the ionic addition predominates under all conditions, but it is more 
likely that it merely indicates the operation of a directive influence of the 
terminal carboxyl or carbalkoxyl group in the radical addition process. 
As with terminal olefins, so also with monosubstituted acetylenes the 1:1 
products are those deriving from attachment of the bromine atom to the 
terminal carbon atom. 30 . 33 , 33 ,™ In the presence of excess hydrogen 

bromide, the alkenyl halides react further to give, in all cases, the 1,2- 
dibromoalkanes. 30 * 35 * 41 

The orientation in additions of hydrogen bromide is generally that which 
wou d be predicted on the basis of intermediate radical stabilities. Thus 
propy ene gi\ es only rt-propyl bromide and 1-chlorocyclohexene gives only 
l-chloro-2-bromocyclohexane. However, the orientation with some 
uoroolefins, is less clear cut. For example, 1 , 1 -difluoropropene is 
reported to yield 2-bromo-l,l-difluoropropane; 42 and trifluoroethylene 
gives a mixture of the two possible isomers, l-bromo-l,2,2-trifluoro- and 


37 iZl'v '£yl er , and Whitmore, J. Am. Chem. Soc., 70, 2872 (1948). 

* Tho apparent loM^xrpn?-' ° iv ' . C 7* em - Sci - Tranel.), 1959, 1781. 

in non noW «oi ♦ ^ 100 18 t ^ le Edition to phenylpropiolic acid, where the produ 

of adduct in ,v V 8 r ° x!dant conditi °™ “ a-bromocinnamic acid. 33 The orientation 
fitabilities T>ifW ,< > aS0 ** * ft ex P ecte<1 f°r radical addition, considering intermediate radica 
, 1 1,6 ^- bromo add “<* « obtained in polar solvents. 33 

Michael, J. Org. Chem., 4, 128 (1939) 

*“ Haszeldine, ,J . Chem. Soc., 1952, 3490 
” Q ; ,d Chem. Soc., 1935, 1572. 

« “"I* McXab * J - Am - Chem. Soc., 57, 24C3 (1935). 

liaszcldine, J. Chem. Soc. t 1953, 3565. 
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l-bromo-l,l,2-tnfluoro-ethane in a ratio of about G0:40, both formed by 
the radical chain mechanism. 43 Similarly, beta flu oropropene yields both 
possible isomers in the ultraviolet- or x-ray-induced reaction. 44 

Free radical chain additions of hydrogen fluoride or of hydrogen iodide 
to olefins have never been observed The energetics of the chain propaga- 
tion steps for the addition of the various hydrogen halides to ethylene are 
shown in Tabic 1 45 

The failure of hydrogen fluoride to add is undoubtedly due to the very 
high strength of the hydrogen-fluorine bond The energetics for radical 


TABLE I 


A H (kca) /mole at 26°) 
H— X X- + CHf=CJI t 

II— F — 

H— Cl -26 

H— Br -6 

H— I 7 


AW (kcal /molo at 25°) 
XCH,CH,' + H— X 
37 
5 

-11 

-27 


addition of hydrogen iodide indicate that attack of the iodine atom on the 
double bond should be slow Another difficulty with the addition of 
hydrogen iodide is the catalysis of the ordinarily rapid ionic addition by 
iodine. Very few radical additions of hydrogen chloride to olefins have 
been demonstrated. Addition to ethylene has been observed to occur in 
the vapor phase under the influence of either ultraviolet radiation or 
radicals generated from di-f-butyl peroxide 46 Only a very slow addition 
to propylene was observed under these conditions, and isobutylene proved 
to be an inhibitor for the ethylene addition In the liquid phase, addi- 
tions to f-butylethylene, 47 allyl chloride, 48 and propylene 48 have been 
reported, but in all cases the chain lengths are short and the major 
products obtained are those resulting from the competing ionic additions. 
Low telomers are also generally found, and, in fact, a whole series of even- 
numbered n-alkyl chlorides has been obtained by heating ethylene at high 
pressure (100-1000 atm.) with aqueous hydrochloric acid at 100° in the 
presence of benzoyl peroxide 44 In general, the radical chain addition of 
hydrogen chloride to olefins is not a useful preparative method. 

« Haereldine and Steels, J. Chcm Soc , 19S7, 2800 

«* Stacey and Hama, J Org. Chtm , 27, 4089 (1962) 

« Raley, S Ruat, end Vaughan,./ Am Chtm Soc , 70, 2767 (1948) 

47 Dcke, Cook, and Whitmore, J Am Chtm Soc , 72, 1511 (1930). 

** Mayo, J. Am. Chtm Sec , 78, 6392 (1954) 

47 Ford, Hanford, Harmon, and Lipacomb, J. Am Chtm Sac , 74, 4323 (1952). 
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Examples of radical rearrangement in hydrogen bromide additions have 
been reported by Nesmeyanov and his co-workers. 60-53 The rearrange- 
ments all involve a 1,2 shift of a chlorine atom, as illustrated in the 
accompanying equation. The major product of addition to 3,3,3-tri- 
chloropropene is, accordingly, not l,l,l-trichloro-3-bromopropane as 

C1 3 CCH=CH 2 -f Hr > Cl 3 CCHCH 2 Br 


C1,CH CHCICHjBr + Br- Cl 2 CCIICICH 2 Br 

original^ thought, 51 but 1,1 ,2-lrich!oro-3-bromopropanc. 60 Similarly, 
the olefins 3,3,3-trichloro-2-methylpropene, 2,3,3,3-tetrachloropropene, 
and 3,3-dichloro-l-butene add hydrogen bromide in the presence of 
peroxide to give the rearranged adducts l-bromo-2,3,3-trichloro-2- 
methylpropane, jl l-bromo-2,2,3,3-tetrachloropropanc, 52 and l-bromo-2,3- 
diclilorobutane, 5j respectively, as the major products. By contrast, 2,3,3- 
trichloropropene gives the unrearranged adduct, l-bromo-2,3,3-trichloro- 
propanc, 5 - while 3,3-dichloro-2-methjdpropene, 55 3,3-dicldoropropene, 55,1,6 
and 3-fluoro-3,3-diehloropropene, 57 give mixtures of rearranged and un- 
rearranged adducts. 


Experimental Conditions 


An important consideration in any attempt to prepare specific halides 
by the free radical addition of hydrogen bromide (or hydrogen cldoride) 
to unsaturates is the relative rates of the competing ionic and radical 
additions. The rates of the uncatalyzed ionic addition vary markedly 
from one olefin to another. Consequently, the precautions required to 
avoid interference by the ionic addition vary widely. When the ionic 
addition is extremely slow, as with such olefins as 1-bromopropene 9 or 


rr and Zakharki »> Doklady Akad. Nauk SSSR, 81, 1D» ( 1951) 

ft/, o/ol) (1953)]. 

1959 g T “ meyan ° V ’ FroidIina ot a *-. Bull. Acad. Sci. USSll, Div. Chem. Sci. (Engl. Traneh). 

,dU m’ i^o St 4r?', h0rl ‘ na ’ and Nc3m ’ : y an °v, Proc. Acad. Sci. USSR, Chem. Sect. 
(Engl. Transl.), 128, 7S5 (1959). 

Nesmeyanov, Freidlina, Host, and Khorlina, Tetrahedron, 10, 94 (1961). 

I‘ ^ r h " aSCh ’ K a -> n, and Fields, J. Chem. Soc., 63, 2558 (1941). 

(Engl TranT), l^. M^figBl""’ Xe3mCyanov ' Proc - A ™ d - Sci. USSR, Chem. Sect. 

Trlld^l9m’o22 OTlina ’ and Nc3ra0ya^ov, BulL A «"l- Sci. USSR, Div. Chem. Sci. (Engl 

ImoT dlina ’ and XCSm0yanOV ’ PrOC ■ A ™ d -Sci. USSR, Chem. Sect, t Engl . 
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trichluroethxlrne. 1 * tin- rmiim] addition predominates under all conrlitioas 
except those m which radical initiation is excluded moat rigorousl)’ At 
tho other extreme are com|>oun<l-< such ns styrene nnd tnmcthylcthylenc 
illicit react so r.ipnlly lit the ionic mechanism that it is necessarx to use 
high dilution techniques to obtain tho product* of radical addition 1'ot 
tho great majority of olefins u huh fall Iwturen these extremes, it is n 
fairlj simple matter to eff«ct predominantly ionic or radical addition by 
the use of free radical inhibitors («• g . hydroquirnme, diphcnylaminc, or 
tliiuplicnol) or initiators (c g . [wrntides. ultraviolet light, etc ). respectively 
Aside from the nccessiU of avoiding ionic reaction, the choice of 
conditions tor carrying out the free radical addition can tic n rather 
arbitrary matter The reaction ran he run m t he presence or absence of a 
solvent and over a temperature range from —SO 5 or lower to +100° or 
higher with appropriate initiators A uidc variety of substances arc 
effective ns initiators IJy far the most commonly used substances are 
jNToxulcs esjiecially acjl peroxide* such as benzoyl jicroxide In early 
work, the naturally occurring tnrio peroxide, ascandolc, was widely used, 
hut it has now Is-en largely superseded bv other peroxides The reaction 
can also lie initiated photochemically witli ultraviolet radiation of wove- 
length below about 2000 A or with light of longer wavelength in combina- 
tion with phot&srinitizrrs such as carbonyl compounds 4 * or metal alkyls.** 
Ultraviolet initiation is especially convenient for low-tempcrnture 
reactions, c g , with low-boiling olefins or where stcreospccificity of addi- 
tion is sought. a-IIaloketones initiate the reaction even in the dark. ,s and 
finely divided metals such as iron, cobalt, nnd nickel arc reported to be 
effect no initiators “• ,l Silent electrical discharges have been used to 
initiate the reaction in the vajior phosc." but this docs not suggest itself 
as a generally convenient preparativo procedure. 

Tlie effect of sol vents on the addition of lijdrogcn bromide to unsaturates 
was the subject of prolonged debate in the early studies of peroxide effects. 
The situation now appears to be fairly clear in view of the recognition of a 
competition between ionic nnd radirnl additions in most systems The 
radical addition is fairly insensitive to solvent polarity, but this is not true 
of the ionic addition Accordingly, the use of a non polar solvent (e g , 
pentane), which diminishes the rate of ionic addition, is favorable to the 
formation of the radical addition product In fact, such reactive (ion- 
ically) olefins as styrene nnd trimethyleth>lene require high dilution in 


11 Vaughan and Ri 
** Evan*. Vuitu 
(1®«5)] 

Unnhibara and 
*W, 1758 (1937)] 


m. and Mayo, J Ora C*"» • *. 44 I 1 * 3 *) 

;..l, IT S pat 2.398.481 1 C A . 40. 3704 (1948)1- 
k. «nd Ruat, lint yat 667,524, US pat 3.3 1 

Takoboyaahi. Bull Ckr » Soe. Japan. 11, 692, 


0,075 J C A . 39, 3533 
754 (1836) [C A.. 31, 
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non-polar media for successful radical addition. Radical addition is 
easily obtained in many solvents — an indication that their inhibiting 
properties are usually negligible. With solvents containing labile hydro- 
gen atoms (i.c., readily transferable in radical reactions), inhibition does 
occur and the effect appears to increase with increasing temperature. In 
the presence of peroxides, no radical addition to trimethvlethylene occurs 
above 20 in ethanol or above 0° in methanol.® 2 The ultraviolet-catalyzed 
addition of hydrogen bromide to allyl bromide proceeds well in heptane, 
carbon disulfide, acetyl bromide, or benzojd chloride, but in acetic acid 
only traces of 1,3-dibromopropane are obtained. 8 Goeringand Sims 2 ' have 
reported that the radical additions of hydrogen bromide to 1-bromo- and 
1-chlorocyclohexene can be promoted by ultraviolet light in pure pentane, 
in a mixture of 31 mole % diethyl ether in pentane, or in a homogeneous 
equimolar mixture of hydrogen chloride and pentane. However, in 
anhydrous ether, the reaction could not be so induced and the sole 
product was the 1,1-dihalide resulting from ionic addition. 

The radical addition reaction appears to have a greater temperature 
coefficient than the ionic addition for all those hydrogen bromide-olefin 
combinations which have been studied. As a result, liigher temperatures 
favor predominance of the radical reaction. For example, air does not 
initiate much addition of hydrogen bromide to allyl bromide at 0°, but it 
does at room temperature! 2 Similarly, in the addition to 1 -methylcyclo- 
hexene, the ionic addition product is formed exclusively at -80°, but at 0° 
it constitutes only 64% and at 65° only 22% of the total adduct. 26 Never- 
theless, it is often possible to effect radical additions to the complete 
exclusion of ionic reaction even at temperatures as low as —80°. This 
can be of considerable significance in stereospecific additions wherein the 
thermodynamically less stable isomer is sometimes formed. 


RADICAL ADDITIONS TO CARBON-CARBON UNSATURATES 
TO FORM SULFUR-CARBON BONDS 


Several species of sulfur compounds, e.g., thiols, hydrogen sulfide, 
bisulfite ion, sulfenyl halides, sulfur chloride pentafluoride, sulfonyl and 
sulfuryl halides, add by radical mechanisms to olefinic and acetylenic 
compounds to form carbon-sulfur bonds. Each of these classes con- 
S 3 16 a ^* ve \y lar S e subject and will be considered separately. The 

radical copolymenzation of sulfur dioxide with olefins* also involves the 
ormation of carbon-sulfur bonds, but, since it is of rather specialized 
interest, it has not been included in this chapter. 


.'™ I i. chael and w einer, Org. Chem 4 Vi! iimi 
Ol -Bulfur di ° Xid8 nopolymerizatio'ns have been reviewed by Walling in ref. 45, p. 223. 
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Addition of Thiols to Olefins and Acetylenes 

Thioh add to otcfins and acetylenes via a free radical chain mechanism 
to form sulfides The reaction is characteristic of thiols generally, c g , 
hydrogen sulfide (p 191), alkanethiols, aromatic and heterocyclic thiols, 

II II 

HMI + C=C — USC— CH 

I ! II 

thiolcnrboxylic acids, and thiolphosphonc acids The usual free radical 
initiators, such ns oxygen, peroxides, azonitnlcs, and ultraviolet radiation, 
are effective in initiating the reaction. 

Apparently the first recorded example of the reaction was the anti- 
Markon nikoff addition of thiophcnol to styrene reported by Posner in 
1903“ Ashworth and Burkliardt, rejieattng Posner's experiments in 
C,H t SH + C«H I CI!-=CH 1 -* C,H,SCH,CH,C t II 4 
1928, noted that exposure to sunlight produced a significant acceleration 
in the rate of addition and that pijiendine retarded it M Subsequently 
Burkhardt postulated the phenylthiyl radical (C„1I 5 S-) as an intermediate 
in the reaction ,s The catalytic influence of peroxides w as reported in 
1938 by Kharaseh, Read, and Mayo 88 and by Jones and Reid 67 The 
currently accepted radical chain mechanism was formulated by Kharaseh, 
Read, and Mayo in that year. 66 

Addition of thiols to unsaturates can also occur by ionic mechanisms 
Examples are acid-' 8 or 8ulfur-* 7 cntalyzcd addition to olefins and acetyl- 
enes and base-catalyzed addition to a.^-unsaturated carbonyl com- 

C.H.SH + Cir,=C(CHj), — — ► C,HjSC(CH a )j 
pounds and nitriles 68 These ionic additions generally give products 
CjH 6 SH + CH,=CHCN CjH^SCHjCHjCN 

resulting from normal (Markow nikoff) addition, whereas radical additions 
are characteristically abnormal Jones and Reid 67 were the first to 
demonstrate that either normal or abnormal 1 ; I adducts can be obtained 
from addition of a thiol to an olefin, depending upon the catalyst used 

** Posner, Bcr , 38, 0<« (1»<“) 

•* Ashworth mn.J Durkhsrdt. J Chtm Sac , 1928, 1791 

st Burkhardt, Trane Faraday Soc , 30, 18 (1934), 

«t Kbiuuefib., B-wL and Mayo, Chen dr Tnd (London), 57, 752 (1938) 

■> Jone , , nd ' Roldi j Am Chcm Soc . 60. *452 (1938) 

•• Kh'srsseh'snd FuchB, J Org Chcm . IS, 97 (1948). 
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Sulfur 

/ 

/ 180 ’ 

C 2 H 5 SH -f CH 2 =CHC 6 H 13 «n 

\ Peroxide 

N — > 

180 ° 


C 2 H s SCH(CH 3 )C c H 13 -n 


C 2 H 5 SCH 2 CH 2 C 6 H 13 -n 


Radical and ionic additions to a,^3-unsaturated carbonyl compounds and 
nitriles lead to the same product. Reviews of the additions of thiols to 
olefins have been made by Mayo and Walling, 8 Walling (ref. 45, pp. 313 ff.)j 
and Knunyants and Fokin. 70 

Mechanism. Studies of the mechanism of radical thiol additions 
have dealt largely with additions to olefins. Acetylene additions have 
apparently not been studied in this respect. The reaction is generally 
considered to proceed via a multistep chain mechanism. G6 ’ 71 The chain 

Initiation: RSH ->• RS- 


Addition: 


RS- -f C=C — RS— C— C- 


Chain transfer: RSC— C- + RSH - RSC— C!H a- RS- 


Propagation: RSC— C- + C=C 


Termination: 


2RSC — C- -v RSC— C— C— CSR 

II I II I 

2RS- — RSSR 


RSC — C- -f- RS- 

t I l 


■ RSC— CSR 


nature of the reaction is indicated by the acceleration produced by ultra- 
violet radiation and by the observation that, in reactions initiated by free 
ra ica initiators, only minute amounts of these materials are required. 
Kinetic chain lengths of 10 1 have been reported. 71 Each step in the 

mechanism shown will be discussed in some detail in the following 
paragraphs. 

Imitation. Generation of a thivl radical from a thiol can be accom- 
p is le j means of the decomposition of a peroxide, an azonitrile, or 
ot ler radical-generating species in the reaction mixture, by irradiation 


•° Knunyants and Fokin, XJup. Khim., lQ f 545 ( 1950 ). 

71 Ba ° k ' Trick ’ 1IcDon “ 1J . and Sivertz, Can. J. Chem., 32, 1078 (1954). 
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of the thiol with x-rays, 6 13 y-rays,’* 23 or /3-rays, 74 or by direct photolysis 
of the thiol with ultraviolet radiation The mechanism of initiation with 
radical-producing agents consists of abstraction of hydrogen from a thiol 
molecule by a radical produced in the reaction mixture, thus a thiyl 
X + Its II — RS + HX 

radical is generated. When ultraviolet radiation capable of thiol photol- 
ysis is employed, both a thiyl radical and a hydrogen atom are produced. 75 
Likely fates for the hydrogen atom are (a) addition to the olefin ultimately 
RSI! — RS + II 

producing a thiyl radical and a molecule of alkane, and (6) attack on the 
thiol to produce molecular hydrogen and a thiyl radical. 

II + CH,— CHR - CHjCHR 
ClIjCIIR + RSII - CHjCHjK + RS 
II + RSH - H, + RS 

Thus, in ultraviolet initiation, both radical species produced can start 
kinetic chains Since the reactions producing the 1 : 1 adduct are generally 
of great chain length, the yield of molecular hydrogen and alkane will be 
small compared to the yield of the olefin-thiol addition product. However, 
in the photoinitiated addition of butancthiol to vinyl acetate, both 
hydrogen and ethyl acetate have been found 76 

Addition and Chain Transfer In a typical thiol addition, both the 
addition and the chain transfer are quite exothermic, and thu3, once the 
thiyl radical is generated, a rapid chain reaction can ensue (ref. 45, 
pp. 313 ff ) 

CHjS- + CHj=CH s — CHjSCHjCH, A// = -14 kcal /mole 

CHjSCHjCH, + CHjSH -» CII 3 SCH,CH 3 4- CH 3 S Ml - -12 kcal /mole 
There is ample evidence that in some cases the addition step is re- 
versible. 25 ' 77-80 On the basis of determination of negative over-all 
activation energies for gas phase photoinitiated addition of methanethiolto 
isobutylene, propylene, and ethylene, Sivertz and co-workers concluded 

ti Fontiin and Spinke, Can J Chem , 35, 13*1. (1957) 

II Fontgn and Spmka, Can J Chem , 35, 1397 (1957). 

’« Chngman, J Phyr Chem . 64. 1355 (1960) 

M Inabft end Dansent, J Phye. Chtm , #4, 1431 (1960) 

»• Yamagishi, Araki, Suzuki, and Hoshino, Boll Chem.Soc. Japan, 33, 52* (1960). 

»T Sivertz Andrew*, Elsdofi, and Graham. J. Polymer. Set , 19, 5*7 (1956). 

’• Fallon and Sivertz, Can J. Ckem , 35, 723 (1957). 
j« Sivertz, J Phye Chtm , 63, 34 (1959) 

■« Walling and Helmreich, J Am. Chon. So c , 81, 1144 (1959). 



ORGANIC REACTIONS 


that the addition step in these reactions is reversible. 77 Experimentally, 
the isomerization of pure cis- or fran-s-olefins by small amounts of thiol has 
been given as evidence for reversibility of the addition step. Eor example, 
either cis- or trans- 2-butene is equilibrated by small amounts of methane- 
thiol, 80 indicating that the thiyl radical adds to the olefin to give an inter- 
mediate radical which equilibrates and then largely dissociates to the 
thiyl radical and a mixture of the cis- and trans-o\eGn. At 60°, the 
reverse reactions are 20 and 85 times as fast as the chain transfer step for 
the cis and trans isomers, respectively. 80 

CH 3 CH 3 CHg CH 3 - 

ch 3 s- + c==c ^ch 3 s-c C. 

I I *-“> I I 

H H w w 


CH, H 


CH 3 S- + 


II CH 3 
Lzth „ z0 

hi z> 


CHg 

! 

ch 3 

| 

,-G_ 

_n. 

H 

—\A 

1 

H 

Fast 

> equilibrium 

CH, 

-il 

H 

1 

r i 

H 

O — C 

a 

M 


1:1 adduct + KS- 


Similarly, ci.s- or (ran.s-2-butene is isomerized by small amounts of 
“r '? aC '^ ll P on ultraviolet irradiation at room temperature, but at 
-78 no isomerization occurs * With terminal olefins, and with olefins 
, . "" IC 1 res<0 nance-stabilized intermediate radicals are formed by 

1 'i°r * ° a rac lical (e.g., /9-methylstyrene and methyl acrylate), 
the addition step is considerably less reversible. 80 The formation of thiol 
and olefin in the decarbonylation of /9-alkylmercaptoaldehydes affords 
additional evidence of the reversibility of the addition step. 81 


RSCHXHjCHO 


• RSCHjCHjC- 


A last amount of information concerning the relative reactivities of 
thiols m the chain transfer step has been obtained from the determination 

111 vinyl polymerizations (ref. 45, p. 319). 
cm, r ' l ? Lccn found th;it thiols with electron-withdrawing 

e f g ,’ " 2 *' are oubanced in rcactivilv, whereas those with 

o-..T. Lnrrhnr, Up«™ab. « m J McK„.ick. Am. CWSV.. 78, SCOC (10M). 
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electron-donating groups (e g , t-bntyl and f-octyl) are less reactive than 
primary alkanethiols. 

Kinetic studies 71-74 78-80 S 2 have afforded considerable insight into the 
effect of structure on reactivity, particularly with respect to the addition 
and transfer steps. It has been claimed that thiyl radicals are electro- 
philic in nature, since m a series of competitive experiments involving the 
addition of mercaptoacetic acid to substituted «- methylstyrenes it was 
found that electron-donating groups in the p-position increase the rate of 
reaction. 83 


X -Qc-CH, + HSCHjCOjH - X— CHCH t SCH,CO,H 
(X - cn,0 > CH, > H > Br > F> 

Polar structures 1 1 and 12 contributing to the transition state have been 
proposed to account for this effect * 


RS 


9 


och 3 


RS CH,CCHj 

6 


I 

OCH, 


RS CHj— CCH, 



The effects of structure on the rates of both the addition step and the 
chain transfer step leading to the 1:1 adduct have been studied by 
S ivertz 71 - 7 *-* 3 and by Walling Generally, the transfer step is the slower, 
rate-determining step, being first order in the thiol f For example, the 
intermediate radical in the n-butanethiol-styrene reaction is a resonance- 
stabilized radical 13 ; consequently, the addition step leading to its forma- 
tion is relatively fast and the transfer step is relatively slow (Table II) 78 
«-C t H,S- + CH,=CHC,H S — n C 4 H,SCH,CHC,H* - n-C<H,SCHjCH s C,H 6 


■* Onyizchuk and Sivertz, Can. J. Chem , 33. 1034 (1953) 

•* Walling. Seymour, and Wol&tim. J. Am Cktm. Soc . 70. 2559 (1949) 

it* formation. An experiment with j> mtro- or p-cyano a methylstyrene might help to 
establish the more meaningful correlation. 

t If the addition step were the alow step, the rate of the over all reaction would depend on 
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TABLE II 78 - 70 

Addition, Transfer, and Termination Rates 



(Liters/Moles Sec.) at 25° 



1c (Addition) 

k (Chain Transfer) 

k (Termination) 

n-Butancthiol-styreno 

1.2 x 10° 

1.24 X 10 3 

5 x 10 8 

n-Butanothiol-1- 

7 X 10° 

1.4 x 10° 

6 X 10 11 

pentono 

Thiophenol-styrono 


3 X 10 3 

2 X 10 7 

w-Bulanothiol- 

— 

93 

1.4 X 10 e 


isoprcno 

In the addition of n-butanethiol to 1-pcntene, the addition step is slow 
n-C 4 H 0 S- + CH 2 =CHC 3 H 7 -n -* n-C 4 H 9 SCI-I 2 CHC 3 H 7 -n 

14 

n-C 4 H D SCH 2 CH 2 C 3 H 7 -n + n-C 4 H 8 S- 

relative to the w-butancthiol -styrene reaction since no resonance stabiliza- 
tion is possible in the intermediate radical 14. For the same reason, the 
transfer step is fast relative to the w-butanethiol-styrene reaction (Table 
II). The rates of the two steps in the n-butanethiol-pentene reaction are 
close enough that the over-all rate of reaction shows some dependence on 
the olefin concentration, although it is still largely first-order in the thiol. 
A consequence of the difference between the rates of the addition steps in 
the n-butanethiol-styrene and n-butanethiol-pentene additions is that, 
even though the over-all rate of the n-butanothiol-pentene reaction is 20 
times that of the w-butanethiol-styrene reaction, in a competitive experi- 
ment styrene reacts preferentially. 

In the addition of thiophenol to styrene the transfer step is again rate- 
c„h 6 s- + ch 2 =chc 0 h 0 -.c„h 6 sch 2 chc 8 h 5 -^!E > 

15 

C 0 H 6 SCH 2 CH 2 C c H 5 + C 6 H 6 S- 

controlling (first-order in thiol) owing to the large resonance stabilization 
possible in the intermediate radical 15. 78 

In contrast to the preceding systems, the over-all rate of the thiophenol- 
1-octene reaction is first-order in both thiol and olefin. 78 Although no 


CoHsS - + CH 2 =CHC,]H 13 -n 


C B H 5 SCH 2 CHC c H 13 -n 

16 

C„H 6 SCH 2 CH 2 C c H 13 -» + CjHjS- 


values for the individual rates have been given, it seems that here the 
addition step is slower than that in the previously discussed cases since it 
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involves the addition of a resonance-stabilized phenylthiyl radical to form 
an intermediate radical 16 which is not resonance-stabilized The 
transfer step should be relatively fast compared to the previously dis- 
cussed systems since it results in the formation of the phenylthiyl radical 
The over-all rate of the thiophenol-l-octene reaction is less than that of the 
thiophenol-styrcne reaction, presumably because of the slow addition step 
in the octene reaction 78 

From the discussion above and from a scries of competitive experiments 
of dodocancthiol at 60° with several olefins (Table III), 8 ® the following 


TABLE III 


Relative Reactivities or Olefins toward 
Dodecanethiol at 60” bo 

Relative 

Relative 

Olefin 

Reactivity 

Olefin 

Reactivity 

Styreno 

17 

Ally lbenzene 

1 0 

/J-Methylstj rene 

5 5 

Vinyl acetate 

0.8 

Vinyl n-butyl ether 

39 

Allyl chloride 

07 

Methyl methacry late 

24 

Cyclopentene 

00 

Methyl acrylate 

20 

Allyl acetate 

06 

Allyl alcohol 

1.5 

Allyl cyanide 

04 

2-Methyl-J. butene 

1.2 

Cyelohexcne 

0.3 

1 -Octene 

J 0 

rjr-DicWoroelhylene 

<0 2 


conclusions concerning the effect of olefin structure on the rate of the 
addition step can be drawn : (a) reactivity is increased if the intermediate 
radical is resonance-stabilized and, conversely, it is decreased if the thiyl 
radical is resonance-stabilized; (6) electron-donating groups in the olefin 
increase the rate, while electron-withdrawing groups decrease the rate; 
(c) terminal double bonds are more reactive than internal ones; (d) 
cyclopentene is more reactive than cyclohexene. 

Propagation. The importance of propagation leading to tclomers 
depends on the nature of the olefin and on the transfer activity of the thiol. 
Generally, if the olefin undergoes radical polymerization easily, telomer 
formation will occur. It can be minimized by use of a large excess of the 
thiol In kinetic terms,* propagation becomes important if the rate of the 


» Considerable attention from the kinetic point of view has been given to the relationship 
between chain trsnsfer and propagation in radical polymerization of olefins in the preeenoe 
of thiols. A discussion of this work is considered to be outside the scope of thiB chapter For 
pertinent references see Walling** (also ref. 45, Chapters 4 and 7). Hiatt and Bartlett,** 
Gregg, Alderman, and Mayo •• 


** Walling J Am Chan See , 70, Z5W (TDttJ. 

*» Hiatt and Bartlett, J’. Am Chem See . 81, 1149 (1959). 

•• Gregg, Alderman, and Mayo, J Am. Chem. See . 70, 3740 (1948) 



172 


ORGANIC REACTIONS 


reaction of the intermediate radical with a molecule of olefin is comparable 
to the rate of reaction with the thiol. The ratio of these rates has been 
defined as the transfer constant, O, and is specific for each thiol-olefin 
combination. Because thiol transfer constants are generally high, in 

g _ rate of transfer 
rate of propagation 

reaction mixtures of equimolar amounts of reactants the 1 : 1 adduct will 
predominate. Transfer constants for u-butanethiol and typical poly- 
merizable olefins are shown in Table IV. 

TABLE IV 
Transfer Constants 
Vinyl acetate 
Styrene 

Methyl acrylate 
Methyl methacrylate 

An example illustrating the importance of the nature of the thiol on the 
rate of transfer vs. propagation is seen in the reactions of trifluoromethane- 
thiol and methanethiol with chlorotrifiuoroethylene carried out under 
comparable conditions (Table V) • Although no values have been derived, 
the transfer constant of trifluoromethanethiol is obviously much lower 
than that of methanethiol. 


OF n-BuTANETHIOL AT 60° 84 

48 

22 

1.69 

0.67 


TABLE V 

Yields ( / Q ) of Adducts in Ultraviolet-Initiated Additions 
of CHjSH and CF 3 SH to CFC1=CF 2 

1:1 Adduct (%) 2:1 Adduct (%) 3:1 Adduct (%) 
CH 3 SH 84 5 

CF 3 SH 02 20 , 


Other olefins that have been reported to give telomers in thiol additions 
Tnv J T < ; t ;™ fluor ° eth y lGne (CF 3 SH c and C 2 H 5 SH«), trifluoroethylene 
CFaSH), aciyhc esters (C 2 H s SH,« 9 n-C 3 H 7 SH, 69 rc-C 12 H 25 SH 89 ), styrene 

CH 3 C c h“sH)®i and m0thyl methacrylatc m- and f- 

r at - 2 - 443 -°° 3 &■*., 42, ^ 

„ nnd J- Am. Cfirm. Soc.. 61, 71 (1939) 

(1059)] “ “ nd ‘ SUmitOm0 ’ Technoh Univ., 7, 403 (1957) [C.A.. 53. 3044 
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Termination. The three reactions shown on p. IGG have been proposed 
as the chain termination processes for radical thiol additions,’ 1 but 
relatively little study has been devoted to them In Table II are tabulated 
the over-all termination rates, determined by rotating sector techniques, 
of several olefin-thiol addition reactions 79 In comparison with the rates 
of the corresponding addition and chain transfer steps, the termination 
steps are very fast, probably requiring activation energies of only a few 
hundred calories ’> Since the kinetic chain lengths of thiol addition 
reactions are usually high, the yields of the chain termination products 
will be very low indeed, and generally these products have not been 
detected. 

How ever, in some additions the yields of chain termination products may 
become appreciable. Yields up to 10% of diaryl disulfides, ArSSAr, have 
been found in the products from the ultraviolet-initiated additions of 
thiophenols to l-chlorocyclohexene and l-chlorocyclopentene. M In the 
photoinitiated addition of n-butanethiol to vinyl acetate employing a 
large excess of the thiol (20:1 mole ratio), isolable amounts of the cross- 
termination product 1 7 w ere obtained in addition to the usual I : I adduct. 7 ® 
SC-H.-n 

I 

C 4 H,S- + CHjCOjCHCHtSCjH.-n - CH J CO ! CHCH ! SC 1 H t -n 

17 

In the addition of trifluoromethanethiol to 1,1-difluorodichloroethylene, 
the intermediate radical formed is apparently quite stable, not readily 
undergoing transfer with the thiol or adding to the olefin. It dimerizes 
to a large degree giving the additive dimer 18 as a major product.® 3 
CF,S + CF a =CCl, — CFjSCFjCClj — (CFjSCF,CC],), 

Another example of the production of the additive dimer in major 
proportions is seen in the reaction of thiolacetic acid with butadiene under 
conditions where the thiol and a stoichiometric amount of initiator 
(hydroxyl radicals) are added to the reaction mixture simultaneously. 
Under these conditions there is virtually no thiol available for chain 
CHjCOS- + CHj— CHCH=CHj —CH,COSC 4 H, — CH,COS(C,H,)jSCOCH 3 

transfer and the major product is the additive dimer 19. 94 

Stereochemistry. The radical addition of thiols to non-eyclic olefins 
is not stereospecific. Apparently there is a rapid equilibration of the 

•I Goer mg, Rely eft, end H<n*e. J. An. Chcm. Soc , 79, 2S02 (1957). 

II jjwrja, J F , Jr ITnpablielied experiments 

•< Jenner »nd Lindsey. J A**. Chon. Soc , 83, 1911 <1901} 
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intermediate radical before the chain transfer step can occur. For 
example, addition of methanethiol-d to cis- and tran-s -2 -hutene gives the 
same mixture of threo- and eryfiiro-3-deutero-2-methylthiobutanes. Bj 
Similarly, the addition of thiolacetic acid to both cis - and fraw-s-2-chloro- 
2 -butene yields the same mixture of 3-chloro-2-aeetylthiobutanes under 
conditions where no isomerization of the olefin occurs, thus indicating a 
common intermediate from both olefins. 25 A rationalization for the 


SCOCH3 


CH 3 COSH + CH 3 CH=C(C1)CH 3 — > CH 3 CHCHC1CH 3 


predominance of the threo isomer in the latter case has been offered 
which assumes the development of a dipole in the transition state of the 
transfer step and orientation of the largest negative dipole on the saturated 
carbon away ( trans ) from the developing dipole. This, considered with 
minimum steric requirements, predicts 20 (the threo precursor) as the 
transition state of lowest energy. The lack of stereospeeificity in these 


»- 

CELCOS 


H CH, 

H 1/ 

C 

^ /I 

+ c SCOCH, 


CH, 


CI 


/ 

c 

C...SR 

I 

21 


to 


additions indicates that no bridged-type structure such as 21, similar 
that formulated m the ionic addition of sulfenvl chlorides to olefins, 95 
is involved in the radical addition of thiols. 

Stereospecific tram addition of the elements of methanethiol-J has been 
acne-v e a /8 in mixtures of an olefin, deuterium bromide, and meth- 
anethiol-rf. - Thus cis- and trans- 2-butene yield threo- and erythro- 3- 
deutero-_-methylthiobutane, respectively. In these cases, a rapid chain 
trans er v ith deuterium bromide apparently takes place before equilibra- 
tion of the intermediate radical can occur. 

Skell ond AH™. J. Am. Chrm.Soc., 82, 1311 (i960) 

Kharuch and Bum. J. Am. Ch-m. So?.. 71, 2724 (1949,. 
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a ci 



js a 


to an appreciable extent, if at all, since they should lead to exclusive tram 
addition Since rearranged products were not observed, there is no 



support for non-classical mesomcric type intermediate radicals such as 28 
analogous to intermediates involved in ionic reactions of these bicyclic 
systems. 



The addition of p-thiocresol to 2,5-norbomadiene gives two products, 
both having the exo configuration 303 On the basis of janefic studies it has 
been determined that the products arise from two separate intermediates, 

Ml Criatol. BrmdoII, «nd Sndor, J. At*. Chet*. See . 80, 633 (1958) 



178 


ORGANIC REACTIONS 


29 and 30, rather than from a single mesomeric intermediate, 31. Thus, 
after the thiyl radical adds to one of the double bonds to form the radical 
intermediate 29, rearrangement to the substituted nortricyclic radical 30 
occurs at a finite rate, followed by chain transfer by both radicals. Here 
again there is no need to postulate (and no- evidence to support) the non- 
classical radical intermediate 31. 



+ 

P-CH 3 CbH 4 SH 





30 



No detailed study of the stereochemistry of thiol-acetylene additions has 
been made. .Several products, however, have been reported which 
obviously arise from predominant Iran# addition. For example, addition 
of cyclohcxanethiol to acetylencdicarboxylic acid yielded mainly the sub- 
stituted fumaric acid accompanied by a small amount of the corresponding 
maleic anhj dride. 1 Similarly, addition of benzyl mercaptan to propiolic 


C c H„SCC0 2 H C 5 Hjj.SC — CO 

CeH n SII -f H0,CC==CC0 2 H — !j j o 

ll ’ ! ; / 

HO.CCH HC— CO 


n< i'r.-'* ( ' V' < ' U ' CIS ' sotnL ' r °f /J-benzylmercaptoacrvlic acid. 105 The 
addition of ethanethiol to ethoxyethyne at -10° afforded largely the ci* 
nr o 1 ethoxj- (ethylthiojethylene, which partly isomerized to the 
rnn’i 1 . oincr on dbtillntion or long standing at room temperature. 105 


ICI 

in 

IC« 


O^'n'JTu K r - 3 ’ <1S5,) l °- A - 3903 (103-2)]. 

J- Hoc.. 1943, 3100. 

AIL * n!l,i An ' n '- 7-rat-. CKim., 79, 1237 (1900). 
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HCOC.Hj 

CjIIjSH -r C.IIjOCzeCH — fi 

HC'SCjHj 

Similarly, the addition of cthanethiol to ethyl ethjnyl sulfide gave the 
c»« adduct ,M 

The addition of a second thiol molecule is of course non -st ereospeci fic 
(as in thiol-olefin additions), and both the meso and dl forms were obtained 
from the addition of two moles of thiolacetic acid to acctylenedicarbovylic 
acid wi 

CHjCO.S SCOCU 3 
SCIIjCOSII + H0 2 CC«bCC0,H — HOjCCHCHCOjH 

(mem trill dl) 

Scope and Limitations. Olefins. Radical addition of thiols to olefins 
and acetylenes, a reaction of extremely wide scope, has been used to 
prepare an enormous variety of sulfides All types of thiol compounds, 
including hydrogen sulfide (p 191), thiolpliosphonc acids, mono- and 
di-basic thiolcarboxylic acids, heterocyclic thiols, aromatic mono- and 
di-thiola, and alkane mono- and di-thiols enter into the reaction readily. 
Secondary thiols, tertiary thiols {e g., /-butyl mercaptan 109 ’ 110 ), alicychc 
thiols (eg, cyclohexanethiol), and alkancthiols containing the neigh- 
boring substituents OH, F, Cl, C0 2 I1, and COR all work well 

Relatively few studies have been made of comparative reactivities 
of thiols. In studies of additions to styrene, the following order of 
over all thiol reactivity has been reported : llt ArylSH > H0 2 CCH 2 SH > 
RCHjSH > RR'CHSH > RR'R'CSH. Cunneen 108 - 118 observed the 
following order of reactivity in the addition of a series of thiols to cyclo- 
hexenc, dihydromyreene, squalene, and natural rubber: CI 3 CCOSH > 
Cl 2 CHCOSH > CICH 2 COSH > CHjCOSH > H0 2 CCH 2 SH > C 6 H s SH > 
(CH 3 ) 2 CHCH 2 CH 2 SH. This sequence roughly parallels the order of acidity 
of the thiols. Benzyl mercaptan is reported to be less reactive than 
thiolacetic acid 113 

Most olefins, linear and cyclic, undergo radical thiol addition readily. 
Terminally unsaturated hydrocarbons are more reactive than their 
internally unsaturated or cyclic counterparts, and the RS group invariably 

807 ShostakovakiT FnTezhaeva, Tsyrobel, and Stolyarova, J Gen Chem USSR (Engl. 
Trantt ), 30. 3116 (I960). 

»» Cunneen, J Chem Soe , 1947, 36 

">» Vinton. U S pat 2,607.775 1 C A . 47, 6989 (1953)]. 

110 Yamagiahi and Nakazima, Nippon Kagaku Zaaehi, 75, 1086 (1954) [C.A , 51, 14596 
(1957)] 

111 Kharasch, Nudenberg, and Man tell, J. Org Chem . IS, 524 (1951) 

111 Cunneen, J. Chem Soe , 1947, 134 
11* Brown, Jones, and Pinder. J Chan Soc 


! , 1951. 3315 
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becomes attached to the terminal carbon atom, as in the addition of 
ethanethiol to propylene. 88 Olefins with considerable branching about 

C 2 H b SH + CH 2 =CHCH 3 -v C 2 H 6 SCH 2 CH 2 CH 3 

the double bond (e.g., 3-methyl-2-butene) may also be employed, and the 
product is that predicted from the more stable intermediate radical. 88 

C 2 H 6 SH + CH 3 CH=C(CH 3 ) 2 - C 2 H s SCH(CH 3 )CH(CH 3 ) 2 

From internal olefins with similar hydrocarbon substituents, both 1:1 
adducts are obtained. Thus nearly equal amounts of the two possible 
thiolacetates are obtained in the addition of thiolacetic acid to 2-pentene. 114 

CH 3 


CH3COSH + CH 3 CH=CHC 2 H 5 CH 3 COSCHC 3 H 7 -n + CH 3 COSCH(C 2 H 5 ) 2 


Unsaturated thiols (e.g., allyl mercaptan, 115 ’ 118 crotyl mercaptan, 118 
3-mereaptocyclopentene, 116 4-mercapto-l-butene, 115 5-mercapto-l-pen- 
tene, llj cinnamyl mercaptan, 117 4-mercaptoethylcyclohexene, 118 and 3- 
methyl-2-butene-l-thiol 115 ) have been reported to undergo self-addition, 
usually spontaneously. Neither the reactions nor the products have 
received extensive investigation. 

CH 2 =CHCH 2 SH — -f-CH 2 CH 2 CH 2 S-)- I 

Ethylenes with a variety of substituents containing hetero atoms have 
been used. The product is that shown in the accompanying equation. 

RSH + CH 2 =CHX -<■ RSCH 2 CH 2 X 
(x = uco 2 , hocHj, no, ns, iu,si, cro) 2 b, no 2 , ;rso 2 , rcosj 

Addition of trifluoromethanethiol to tetrafluoroethylene yields a series of 
telomers with the 1:1 adduct predominating. 8 The addition of thiols to 

CF 3 SH + CF 2 =CF 2 — > CF 3 S(CF 2 CF 2 )„H 

(n = 1, 2, 3) 

other highly fluorinated but unsymmetrical terminal olefins generally 
leads to a single 1 : 1 adduct whose orientation can be predicted from the 
more stable intermediate radical. 8 ' 119 Addition of methanethiol, trifluoro- 
methanethiol, and 2,2,2-trifluoroethanethiol to hexafluoropropene, how- 
ever, yields both 1:1 adducts, the relative amounts depending on the 


u«Hewctt W A., Doctoral Dissertation, Northwestern University, 1055; Disserialior 
Abelr., 16, 24 (1956). J 

115 vonBraun and Plate, Ber., 67, 281 (1934). 

”* Ay °™ Bnd Scott ' U - S - P at - 2,738,341 [ C.A . , 50, 11720 (1056)]. 
vonBraun and Murjahn, Ber., 59, 1202 (1926). 

il' OIs ° n ' J - Pol yrnerSci„ 26, 23 (1057). 

16, 243 (1950) ° mPSOn ’ D ° Ct0ral Dis '«Uation, Cornell University, 1955; Dissertation Abstr., 
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CP, 

KSH + CF t =CFCF, " *'“% RSCFjCHFCF, + RSCFCHF, 

32 33 

nature of the thiol {Table VI) * Consideration of the stabilities of inter- 
mediate radicals leads to the prediction of 32 as the favored product, but 
in fact 33 is the predominant adduct from tnfiuoromethanethiol A 
correlation between the relative electrophilicities (CF 3 S- > CF 3 CH 2 S > 
CH 3 S •) of the adding radical and the relative abundance of adduct 33, 


TABLE VI 

1 . 1 Adduct Composition from Addition or 
Thiols (RSII) to HexaFluoropropene 

1 . 1 Adduct Composition 


R 

32 <%) 33 (%) 

CF, 45 55 

CF,CH, 70 30 

CM, 92 8 


whose formation requires attachment of the thiyl radical to the negatively 
polarized carbon of hexafluoropropene (34), can be made.® One attempt 
to add a thiol to an internal perfluoroolefin (perfluoro-2 butene) failed.® 

CF,CF=— CF, 


Other highly halogenated olefins have scarcely been studied, although 
additions occur readily to vinyl chloride 120 and to other olefins with one 
chlorine atom on the double bond n The ultraviolet-initiated addition of 
thiophenol to 3,3,3 trichloropropene proceeds with a rearrangement that 
apparently involves migration of a chlorine atom in the intermediate 
radical 121 


C„H 5 S + a,CCH=CH, *- C] 3 CCHCH,SC,H s 



CijCHCHaCHjjSC.H, -< C1,CCHC1CH,SC 6 H s 


A similar rearrangement was observed in the reaction of benzyl 
mercaptan with this olefin. 

‘“Hoah.no and Yamagiahi, J»P P»‘- M80 [CA„ 49. 9689 (1953)] 

1,1 Neasrayanov, FwidUna. Petrova, and Terent'eva, Proe. Acad. Sci USSP, Cheat Seel. 
(Eng I Trane!.), 127, 591 (1959). 
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Radical addition of thiols to a./5-unsaturated carbonyl compounds and 
nitriles gives the 1:1 adduct with the RS group on the /9-carbon atom. 
The same adduct is obtained when the reaction proceeds by a polar 
mechanism. The two pathways have been studied separately with 
ethanethiol and methyl acrylate, which, when mixed in the absence of a 
catalyst, do not react. 69 If a small amount of ascaridole is added and the 
mixture irradiated, an exothermic reaction ensues yielding methyl 2- 
ethylthiopropionate and telomers containing two, three, and more mole- 
cules of methyl acrylate. If, instead of peroxide, a small amount of 
trimethylbenzylammonium hydroxide (“Triton B”) is added, a rapid 
reaction takes place which produces the 1 ; 1 adduct in 95% yield. Since 


CJTjSH + CH 2 =CHC0 2 CH, 


C 2 H-SCH 2 CH,C0 2 CH 3 -f 

/ uv C 2 H-S[CH 2 CH(C0 2 CH 3 )] r H 


\ 3Ja«e 

»- c. 


2 h 5 sch 2 ch 2 co 2 ch 2 


no reaction occurs unless a catalyst is added, it is possible to direct 
the reactants into either a radical or ionic reaction. However, mam 
analogous reactions occur without the addition of a catalj'st, and in most 
of them it has not been determined whether the reaction follows an ionic 
or a free radical pathwaj'. 122-149 

Radical addition of thiophenol to benzothiophene-l-dioxide produces the 
2-substituted sulfide 35, presumably because of the resonance stabilization 
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possible in the intermediate benzyl-type radical 111 Under base catalysis, 
the 3-substituted sulfide 36 is obtained. Aliphatic thiols under alt con- 
ditions give the 3-sulfide 



Oj 


Additions of thiol acids, mainly thiolacet ic acid , to a senes of unsaturated 
ketosteroids (eg , A 1 4 -3-oxo-, A 4 *-3-oxo-. and A 1 - 4 s -3-oxo-steroids) have 
been reported. In view of the rather specialized nature of the com- 
pounds involved, these additions, which are all tabulated in two arti- 
cles,^ 141,1 * 3 are not included in the table of thiol acid additions. 

Several monoolcfinic compounds have been reported to be inert to 
radical thiol additions Thiolacetic acid failed to add to stilbene in the 
presence of peroxide 141 Similarly, thiolacetic acid failed to react with 
cinnamyl alcohol, 141 but the ascaridole-catalyzed addition of benzyl 
mercaptan proceeded in 47% yield 113 Methyl cinnamato was reported 
not to react with p-thiocresol or benzyl mercaptan, 123 yet cinnamic acid 
formed an adduct with benzyl mercaptan in the presence of peroxide. 113 

Non-conjugated dienes (eg , dihydromyreene) furnish mono- and di- 
adducts, 112 the relative amounts depending on the ratio of the reactants. 
CHjCOSII + (CH 3 ) 2 C=CH{CHj) 3 C(CH s )=CHCH 3 - 

(CH 3 ) 2 C=CH(CHj) 2 CH(CH3)CH(CH a )SCOCH 2 

+ (CHj) 2 CHCH(SCOCH a )(CH 2 )gCH(CH 3 )CH(CH a )SCOCH a 
Conjugated dienes undergo 1,4 addition only 14i - 146 The geometry of the 
n C 4 H„SH + CH a =CHCH=CHj , reranlfatt > n c,H ,S CH S CH=CHCH 3 
diene apparently makes no difference in the choice of 1,4 over 1,2 addition, 
since both 1 , 2 -dimethylenecyclohexane and 3-methylenecycIohexene gave 
only 1,4 adducts 147 






OUCANlr I'.K.VTIONS 


If flic reaction is forced ho that a , second mole of thiol adds, n rearrange- 
ment or cut's and tlie product is a 1 .-t-his. sulfide. 1 , '- 1 >r ’ The nature of 


7 i*r’H 3 «V,n,sn • 




/•H.s(v,n,rn 3 .;i 


p.CI !/.’,] I4SH 


this rearrangement is not understood. 

7 »-CM 3 C 6 n,SH .1- i».ni,Ct # H l SClI.CII- .cnrn,l^±!:^ 

3 (it t v 

Radical additions of dithiols to dioletins lead to polymeric ina- 
terials.'^.'wi.isi The* dithiols which have Iteen used include aliphatic 
dithiols, aromatic dithiols, ,M and dibasic aliphatic and aromatic 
thiol acids. 1 T he dioletins employed have generally been noil-conjugated; 
c.g., biallyl. Most, widely studied is the biallyl-hexamethylcnodif liiol 
system which leads to the formation of polyhexa methylene sulfide. 151 ' 1 ” 

HS(CH s ) # SH -!- CHj— CHtt’lIjjX'JI CH a -f-S(CH 2 ),S{CH : ) e -}r 

Conjugated olefins arc generally unsatisfactory since the initial 1.4 
addition gives allyl type sulfides which do not. undergo further addition 
readily. Thus the reaction or hexamethylenedithiol with 1 , 3 -butadienc 
leads to the formation of I,0-bis-(crotylmercapto)he.vane, which is inert 
to further reaction. 11 ' 1 Similarly, allyl sulfide does not. form polymers 
with hexamethylenedithiol, 11 ' 1 . 1 ' 1 ' 1 but n]ly] e)h( , r tloos „o 


ch 3 ch=chch»— s 


HS(CII 2 ) c KH ch 2 =chch— cji„ 


CH 3 CH==CirCHj— s 

ul J - Am ■ cu : m - sm - oms). 

no M ‘ ar J 0 , n'J ’,1 ° ctornl r>, ‘" lc rtn t|0 ri, Dixicrlnlion At, dr., 20, 3000 (1000). 
IS1 Marvel', Hinman, Z* InX, 7 ™ ^ ^ 

Marvel and KoW.,,7, Am. Chcm.Soc., 73, 1100 1001 ' 

Marvel and Marfchnrt, X Polymr, Sci.Z ,71, (loll) 
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When thiols, olefins, and carbon monoxide are heated at 3000 atm. 
pressure with a peroxide catalyst, aldehydes are produced in addition to 
the olefin-thiol adduct.*' For example, propylene, ethanethiol, carbon 
monoxide, and di-t-butyl peroxide at 130° produce 3-ethylthio-2 methyl- 
propanal (16%) and ethyl n-propyl sulfide (50%) Likely steps in the 
reaction leading to the aldehyde are shown in the accompanying equa- 
tions. 

CH a 

CjHjS + CH,— CHCHj - | 


| + C,H,SH - | + C,HjS 

C,H 6 SCH,CIICO- CjHjSCHjCHCHO 

The Oxidative Addition of Thiols to Olefins. When the addition of 
thiols to olefins is carried out with oxygen supplied to the reaction mixture, 
oxygen participates in the reaction and the initial product is a /J-hydro- 
peroxy sulfide. A probable pathway is shown in the following equations 


II II 

RS + C=C — f RSC — C- 

II II 

II II 

RSC — C + O, - — ► RSC— COO 

II II 


► RSC— COOH + RS 

I I 


The hydroperoxide usually rearranges in the reaction mixture to the 
isomeric ^-hydroxy sulfoxide, and this is the major product isolated 
The corresponding /S- hydroxy sulfide, the conventional thiol olefin 
adduct, and the disulfide derived from the thiol are often obtained as by- 
products. The products isolated from the reaction of n-propanethiol, 
styrene, and oxygen are shown in the accompanying equation. 111 

C«H 6 CH=CH s + «-C 3 H,SH + O, — 

C 4 H s CHOHCH t S(0)C 3 H 7 -» + C,H s CHOHCH t SC,H 7 n 

+ CjHjCHjCH jSC a H j-n + <n-C,H,i 2 S 2 
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Reduction of the crude hydroperoxide from the reaction of indene, 
thiophenol, and oxygen gives fra?bs-2-phenylmereapto-l-indano], indicat- 
ing that the peroxide has the irans configuration and that the attack by 
oxygen on the intermediate radical 37 occurs irans to the R.S group. 157 Re- 


+ 0 2 - 

37 




arrangement of this hydroperoxide to the hydroxy sulfoxide gave the two 
isomers of lrana-2-phenyLsulfinyl-l-indanol. 

The initially formed hydroperoxide 38 from the reaction of indene, 
2-naphthalene thi ol , and oxygen has been isolated in crystalline form 
(m.p. 70 ), characterized, 15S . 1S9 and its decomposition to 2 -( 2 -naphthyl- 
sulfmyl)-l-indanol (39) in benzene solution observed. When the decom- 
position "as carried out in the presence of 2-(4-chlorophenylmercapto)-l- 
mdanol, no oxidation of the indanol -ivas detected. This observation 



suggests that the conversion of 38 to 39 is an intramolecular rearrange- 
men . - On the other hand, the crude hvdroperoxide from thiophenol, 
mdene, and oxygen is reported to rearrange to the sulfoxide by a second- 
or er process, suggesting an intermolecular oxidation analogous to the 
SdSSi blm ° leCUlar hydroperoxide oxidation of sulfides to sulf- 


l rfr ®\ Ve /'"hydroxy sulfoxides is reported to be strongly 
ce era e by chlonde and bromide salts. 1C2 .iG3 Particularly effective 

brom'id 116 y i ° l ? l0 "’ deS and hydrobromides, but sodium and potassium 
mecTan?. ^ are a k 0 effective. Iodides are inhibit^- The 

used to in-f°+ ^ f^ysis 18 not clear - Ultraviolet radiation has been 
used to initiate oxidative additions of n-dodecanethiol. 159 

uresence indene > thiols, and oxygen is carried out in the 

presence of alkyl amines, hydroxy sulfides and not sulfoxides are obtained, 

J - 0r ?- Ch ™- 28, 842 (1981). 

Overberger and Cummin,? J 4 m c 

» sss 9s ’ 2415 

" ' Snd ^ttenhahn, An gtw . CUm., 70, 73 (1958). 
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presumably by intermediate formation of hydroperoxy sulfide* followed 
by n mine-catalyzed oxidation of additional tlnol by the hydroperoxide ,6 ‘ 


' H*S 

The scope of the oxidative addition of thiols to olefins has barely' been 
explored Bath nlkancthiols and aromatic thiols hate been used The 
olefins thus far used inehide sty rone, ,S5 ''® 5 indenc, 1 ** metliaerylonitnle, 1 ® 2 
methyl acrylate. 1 * 5 1 hexene. 1 ** l-octene. ,u bicyclopentadicne,'* 6 and 
Ahlrin '** 

A related group of oxidative additions are the reactions of thiols with 
oxygen and anthracene or substituted anthracenes The principal prod- 
ucts are O.lO-dlhydro-O.IO-disubstitutcd anthracenes For ex- 

ample. thiolacctic acid, oxygen, and anthracene give as the major products 
two isomeric 0.10-dihydro-9,l0-di(aeety Ithiojanthraccnes (40), along with 
9-(acctylthio)anthraecne and a small amount of <li-(9-anthryl)disulfide ,e * 

Cir.cosii + o, + 

SCOCH, SCOCHj 

o^o oio— 

bCOCII, 

40 

It has been postulated that all these products arise from an initially 
formed hydroperoxide 41 164 (sec formula at top of p 188). 

Acetylenes. The radical addition of thiols to acetylenes with a variety 
of substituents (e g , alkyl, aryl, carboxyl, a-hydroxyalkyl, a-haloalkyl, 
alkoxy, and alkylthio) proceeds readily to give monoadducts, diadducts, 
or both, depending on the relative proportions of the starting materials. 

1,4 Oswald, Noel, and F.ek, J Org Cktm , 28, 3974 (1961) 

»«* Harman U S pat. 2,515,120 [C.A . 48. 8942 (1950)] 

»1 Oswald ind Noel, J Org. Cktm , 26. 3948 (19611 

Ht Mikhadov and Blokhina, Dokhdg Akod .Von* SSSR, 80, 373 (1951) [C.A , 49, 5025 
(1962)] 

Mikhailov and Blokhina, ProM. Mekkanttma Org. Reaktlit Akad. Nauk, Ukr. SSR, 
Otdd Fa -Mat t Kkim Xauk, 1958, 215 (C A , SO. 18735 (1956)] 

Beckwith and Low, J. Cktm Soc , 1961, 1301 
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Generally, the first molecule of thiol adds more readily than the second. 
°nl\ monoadducts are obtained from dimethyl acetjdenediearboxylatc 
and ethanethiol , 1 ' 0 p-methoxypheny] acetylene and thiolacetic acid , 1 ' 1 



ethanethiol, 1 ' 2 and 
acid. 171 


3-methyl-3-hydroxy-l-butynyl ethyl ether and 
4 hjdroxj^-l-pentyne 1 ' 3 or phenylacetylene and thiolacetic acid. 1 ' 1 
Addition of the first molecule of thiol proceeds in the anti-Markownikoff 
manner, forming the abnormal product. The second molecule of thiol 
generally adds to yield the diadduct with the thio groups on adjacent 
on atoms. ,0 Additions to phenylacetylene, however, lead to 
CH3COSH -r HC==CCH 2 OH v 

CH n COSCH 2 CHCH 2 OH 


CH 3 COSCH=CHCH 2 OH 


CH.COSH 


SCOCH3 


products m which both RS groups are attached to the B - carbon atom, 
presumably because of the large resonance stabilization possible in the 
intermediate benzyl-type radicals. 1 ™ 

C 2 H 5 SH + C c H 5 C=CH-^^ c c H 5 CH 2 CH(SC 2 H 5 ) 2 

r^v e I- eaCti0 ^ °. f ethanedithi °l with 2-butyne- 1 ,4-diol diacetate involves 
to polymer^™ 1 yi6ldS 1,2 ' bis '( acetox y inet hyl)-l,4-dithiane (42) in addition 

HSCH 2 CH 2 SH + ch 3 co 2 ch 2 c=cch 2 ococh 2 Peroxide : 


o 


,ch 2 ococh 3 


- 1 - polymer 


"CHoOCOCHj 


“ 23. (1958). 

112 Weiland an. J Arens' C7iem - Soc - 1919 > e19 - 

f - 75 ’ 1358 (195e) - 

8952 (1958)]°. ’ and Ho ’bino, Bull. Chem. Soc. Japan, 30, 455 (1957) [C.A., 52 

1?I SaUer ' Am - Ch ™- Sue., 79, 5314 (1957). 
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The peroxide-initiated reactions of acetylene with carbon monoxide 
and thiols lead to the formation of bis-sulfides and aldehydes, in a manner 
analogous to the corresponding olefin reaction discussed on p 185 175 
RSH + CO + HfeCH — RSCHjCH 2 SR + RSCH=CHCHO 

Experimental Conditions. Conditions used in radical thiol additions 
are usually defined by the initiator employed Peroxides are the most 
widely employed initiators Often the peroxides present in the olefin are 
sufficient to initiate the reaction, possibly by a redox reaction with the 
thiol. For example, in many addition reactions of thioglycollic acid and 
thiophenol, an exothermic reaction ensues upon mixing the reactants. 
The peroxides used include ascaridole, benzoyl peroxide, di-f-butyl 
peroxide, and potassium persulfate. 145 

The mixture of reactants, containing the catalyst in amounts varying 
from a few tenths of a per cent to a few per cent, is usually heated to the 
decomposition temperature of the catalyst either in an open vessel or, in 
the case of volatile reactants, in a sealed metal or glass container In 
some reactions the peroxides are decomposed by ultraviolet irradi- 
ation. M > u ».»o,i7J,m 

Inorganic reducing agents, e g , ferrous chloride and chromous chloride, 
have also been employed to decompose peroxides (redox systems), thus 
initiating addition at room temperature. 177 Redox systems comprising 
persulfate and bisulfite have been used extensively in the reactions of 
dithiols with dienes to produce polymers 150 Oxygen in small amounts 
has been employed for initiation 178-180 and may actually be the initiator 
in many additions reported to occur spontaneously when no precautions 
are taken to exclude air When substantial quantities of oxygen are made 
available to the reaction mixture, oxygen-containing products are formed. 
Azonitriles, e g , azobis(isobutyronitrile), have also been employed 
extensively to catalyze thiol additions, and the conditions are analogous 
to those used in peroxide- catalyzed reactions The initiators are generally 
decomposed thermally, and less frequently by ultraviolet radiation. 174,181 

Several forms of radiant energy, e g , ultraviolet radiation, x-rays, 
y - rays and ^9-rays, have been used for initiating thiol addition reactions 
Ultraviolet radiation (below 3000 A) is most commonly used Initiation 
by ultraviolet radiation probably can also occur by the photodecomposition 

Ruhlmann, Schraplar, and Gratner, /. ProU Chtm , [4] 10, 325 {I960) 
m Hoeffelman and Berkenboech, U S pat 2,352,435 [C A , 38, 5506 <1944)J. 

171 Ellmgboe, U S pat 2,423,641 [C A , 42, 3774 (1948)] 

l ” Shostakovsku , Pideahaeva, and Uvarova, Bull. Acad Set. USSR, Dm Cheat. Set. 
(Engl. Trantl ), 1954, 447 
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of peroxides contained in the reactants, and tin's may be the mechanism 
for initiation by radiation of wavelengths greater than 3000 A. The 
reactants generally are contained in sealed or open transparent vessels 
and exposed to an ultraviolet source at ambient temperature. With very 
low-boiling reactants, e.g., fluoroolefins, irradiation of the reactants at 
reflux has been employed/ 1 Generally, radiation of 3000 A or lower is 
employed, necessitating the use of Vycor or quartz containers. However, 
many reactions have been reported to proceed in a satisfactory manner 
when a commercial sunlamp and Pyrex equipment are used. 

traviolet radiation above 3000 A has frequently been used in con- 
junction with photosensitizers such as acetone, 182 mercury salts. 183 ’ 184 
organic disulfides, 1 M.miao-m and lead tetraalkyls. 188 X-ra}’s have been 
used to initiate additions of thiols to fluoroolefins, 8 and both x-rays and 
y rays have been employed in the addition of n-butanethiol to 
pentene. • In these reactions the reactants, contained in stainless 
ee pressure vessels or Pyrex tubes, were exposed to x-rays or y-rays at 
qmvm temperatures for Periods of several hours. /9-Radiation from an 
' source has been employed to initiate the reaction of w-butanethiol 
and 1-octene contained in a Pyrex reactor. 71 

t e formation of polymers from dithiols and non-conjugated olefins, 
smn po ymerization techniques employing exactly equimolecular 
amounts of the reactants and a bisulfite-persulfate-copper initiator system 
lave given products having the highest molecular weights. 151 ’ 155 Other 

ors, e g., peroxides, azonitriles, and ultraviolet radiation, have also 
been studied. 

shnlrin additions of thiols to olefins are generally carried out by 

oxwerf 6 r ?, aCtantS in a hydrocarbon solvent in an atmosphere of 
Periods aU hobbling through at ambient temperatures. 111 ’ 157 

anthracene 'whelTxygen abs^^ t0 SCVeral dayS ’ In experimentS ^ 
pumpnn n absorption was slow, catalytic quantities of 

desired 1 ro Pe roxid e and ferrous sulfate were added. 189 When it is 

nrefemhlv °^* ^ react * or r at the hydroperoxide stage, the reactions are 

SS™ 1 / “ °° for “ ^ hours. 159 Tho hydrohalide- 

excent that Penments are earned out in essentially the same manner 

bromide is added/M 01 ^ ° r ° f ^hutylamine hydrochloride or hydro- 

s ° e - 1949 > 244s - 

181 Yamogishi, Tanaka and 59, 1382 (I938) l °' A - 33 ’ 2100 ( I939p ’ 

Huoggaborg, Cook ;„d k"; 29 ’ 447 < 1956 >- 
Ellingboe, TJ.S. pat. 2 439 2oVr C " 13 ’ H ° (1948 b 

1,7 Rueggeborg and Cook U S pat 2 (1048)p 

188 Evans, Vaughan, and Rust U S lC ' A - 52 ’ 3850 ( 19s8 »- 

Rust, U.S. pat. 2,411,901 [C.A., 41, 2008 (1947)]. 
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Addition of Hydrogen Sulfide to Olefins 

In the presence of ultraviolet radiation or certain free radical initiators, 
hydrogen sulfide adds to olefins in the abnormal manner to yield mixtures 
of thiols and sulfides 

H,S 4- Cir,,=Cim - RCHjCHjSH + (RCH,CH,) t S 
Although no detailed study of the mechanism has been made, it seems 
certain that these reactions occur via a radical chain mechanism fully' 
analogous to that substantiated for thiol additions. In the products 



IIS + RCH=C1I, ► RCIICIIgSH 

RCIICHgSH + H t S ► ItCHjCHjSH + HS 

RCII.CHjSH ► RCH,CH,S 

RCH,CH,S + CH,=CIIR * RCH.CH^SCH.CHR 

RCHjCIIjSCIljCHR + H r S ► RCHjCHjSCHjCHjR + IIS 

whose structures have been determined, the SII group is found on the 
carbon atom normally attacked by radicals, e g., the terminal carbon in 
terminal olefins. Formation of the sulfide occurs by' a typical thiol-oicfin 
addition reaction. As in thiol additions, the photomitiatcd addition of 
hydrogen sulfide to 1-chlorocyclohexeno is predominantly tratia, the 1:1 
adduct consisting of 85-90% cia-2-mercapto-l-chlorocyclohexane.* 7 
Other aspects of the mechanism and stereochemistry have apparently not 
been investigated. 

O-'-CE 

(85-90% til, 10-15% Irani) 

Radical addition of hydrogen sulfide to olefins is a general reaction 
applicable to terminal, internal, and cyclic olefins. Ethylene and hydro- 
gen sulfide, at temperatures of 160-200° and pressures of 600-1000 atm , 
react to form a mixture of ethanethiol, diethyl sulfide, and ethyl butyl 
sulfide. 189 In an azomtrile-mitiated reaction of hydrogen sulfide, carbon 
monoxide, and ethylene, the hydrogen sulfide added to ethylene to give 
ethanethiol, which was subsequently converted to diethyl sulfide and 
2-ethylmercaptopropionaldehyde dithioacetal 91 

CHj=CHj + CO + HjS (CjHjljS + C,H 6 SCHjCH 2 CH{SC 1 H 5 ), 

i«> Harmon, U.S pat 2,390,099 [C.A , 40, 1885 (1948)] 
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Terminal olefins are the most reactive in radical hydrogen sulfide 
additions, but highly branched internal olefins, e.g., 2,3-dimethyl-2- 
butene, also react. 190 Reactions of equimolecular amounts of hydrogen 

SH 

H 2 S + (CH 3 ) 2 C=C(CH 3 ) 2 - (CH 3 ) 2 CHC(CH 3 ) 2 + [(CH 3 ) 2 CHC(CH 3 ) 2 ] 2 S 

sulfide and dienes such as diallyl ether lead to polymers of low molecular 
weight. 1 With an appreciable excess of hydrogen sulfide, both a 

(CH 2 =CHCH 2 ) 2 0 + H 2 S — > H-f-S(CH 2 ) 3 0(CH 2 ) 3 -VSH 

(Av. mol. wt. «= 674) 

monothiol and dithiols are obtained from bicyclo[2.2.1]hepta-2, 5-diene 192 
and 2,5-dimethyl-2,4-hexadiene. 193 The reaction of hydrogen sulfide 
H 2 S + (CH 3 ) 2 C=CHCH=C(CH 3 ) 2 -> 

(CH 3 ) 2 CHCHCH=C(CH 3 ) 2 (CH 3 ) 2 CHCHCHCH(CH 3 ) 2 

I +11 

SH HS SH 

with 3,7-dimethyl-2,6-octadiene gave, in addition to two monothiols and 
a dithiol, a thiopyran43 resulting from intramolecular sulfide formation. 194 


(CH 3 ) 2 C=CH(CH 2 ) 2 C(CH 3 )=CHCH 3 — ? v > r^l CH3 

(Acetone) (CHa^CH^g/HH;, 

43 

Additions of hydrogen sulfide to ethylenes with hetero atom substituents 
such as Cl, SiR 3 , SR, OR, or NR 2 generally lead to products with the sulfur 
a om attached to the CH 2 group. Additions to vinyl ethers have been 
the most extensively examined. 193 I n a study of the oxygen-initiated 
i ion o y ogen sulfide to ethyl, isopropyl, isobutyl, isopentyl, 
n-octyl, and cyclohexyl vinyl ether, the rate of addition was observed to 
ecrease as tie alkyl group became longer and more branched. 196 ’ 197 
I rom all the olefins except cyclohexyl vinyl ether, both the thiol and the 

Z V - S -V^- 2.551,813 [C.A., 45, D55D (1951)1 

" 7"“ shan 0n<1 R “ t - J - Otq. Chem., 7, 472 (194») 

- Mahon and Louthan, U.S. pat 3 Olfl or- rr> A 
*” May and Lee. U.S. pat. 2 900 538 r , K n'o’c 58 ’ ^ (19 ° 2)] ' 

»• Naylor, J, Chem. Sol, 1947 , “532 ’ <19C1)3 ' 

(1058). ako ' skl1 ’ Shapiro, and Duhrova, J. Oen. Chem. USSE {Engl. Transl), 28, 3337 
(En^rra^lo, ISM^r 1100 '"' a '‘ d Sha P :ro ’ BuU - Acad. Sci. USSE, Die. Chem. Sci. 
(Nnyh rran°h°! 1954, ^4 dCZha0Vn ’ Qnd Sha P iro - -B«». Acad. Sci. USSE, Div. Chem. Sci. 
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Generally speaking, if a high yield of the thiol is desired, a high ratio of 
hydrogen sulfide to olefin is necessary. Converse]}', for a high yield of 
sulfide the ratio of olefin to hydrogen sulfide should be high. It has been 
reported that the presence of water increases the ratio of thiol to sulfide, 


TABLE VII 

A.scari dole -Initiated Addition or Hydrogen 
Sulfide to ii-Butyl Vinyl Ether 
Molar Ratio of Ratio of Yield 


H„S: Olefin 
0.37 
1.55 
1.98 
2.13 


Thiol : Sulfide 
0.081 
1.9 

3.5 

5.6 


•J.U 

other factors being constant.*® The polymer from hydrogen sulfide 
an iall}l ether has the highest molecular weight when an exact 1:1 
ratio of reactants is used. 202 

The choice of initiator in radical additions of hydrogen sulfide to olefins 
is more critical than in thiol additioas. Ultraviolet radiation was used 
ini lally and it is still one of the best methods. 191 Hydrogen sulfide 
a isorbs below about 2800 A and is dissociated into hydrogen atoms and 
•S radicals by such radiation. 202 As in thiol-olefin additions, radiation 
of wavelength longer than 3000 A can be used if a photosensitizer, such 
as ace one tetraethyllead, or a mercury salt, is added. y-Radiation 201 
and x-rays 1990 have also been employed. 

Peroxides are of limited usefulness as initiators, possibly because they 
nr 1 n °n^ n ojddat i° n Teduction reaction with hydrogen sulfide to 
;; h ' C , h is a 8° od inhibitor of radical chain reactions. In 
hvdro n . - U y ^inyl ether, it was found that benzoyl peroxide, 

S 1 ao P t T ^ Per ° Xides formed 011 1° n g contact of the ether 

ionic addition y ’? h,bl * the radlcal addition and sometimes accelerate the 

of acidic substances' 5 !" ‘ On tit ^ T ^ aSCribed the format *° n 

tion initininri it, , \... n tbe ot}ler hand, ascaridole at 1% concentra- 

the addition o/hydrogenlmlfitte . Ascaridole > however, did not initiate 
neroxirle W v» J g SU,fide to ^opentyl vinyl ether. 197 Di-f-butyl 
with hvdroeen en i ^ P ° rted to be effective for the reaction of diallyl ether 

rtstr L s tttr irr ]y u e r md > - hen — ed ^ r ■ 

1 the addition to 2,5-dimethyl-2,4-hexadiene 

201 vS£?' vZt 2 / 805,9fi5 [C - A - 53 - 10001 (1039,] - 

Z Z7%: 7 - c, :t i^S - 45, 453 (195I,] - 

rat. ViSen (19G1,] - 
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to give a mono- and a di-thiol. 193 Benzoyl peroxide has been used in 
the addition, to di-n-bvityl a-methyl-a'-methyleneadipate 806 Traces of 
oxygen initiate the addition of hydrogen sulfide to vinyl ethers 199 and 
vinyl sulfides, 1 ’* but larger amounts (eg, 0 05% in the case of butyl 
vinyl ether) are inhibitory 194 Of all the radical initiators studied, 
a2omtriles seem to be the most satisfactory for hydrogen sulfide addi- 
tions. 190 , 200 

Ionic additions of hydrogen sulfide to olefinic hydrocarbons have been 
effected with many catalysts; eg, sulfur, sulfuric acid, Friedel-Crafts 
catalysts, alumina, metal sulfides and polysulfides, and silica. These 
reactions lead to products with norma! (Markownikoff) orientation except 
that some high-temperature reactions catalyzed by metal sulfides furnish 
both normal and abnormal adducts 207 Ionic additions to <x,/J-unsaturated 
carbonyl compounds and nitriles have been catalyzed byalkoxides, amines, 
and sodium acetate, and the formation of a-mercaptoethy) ethers by 
addition to vinyl ethers has been catalyzed by acids. Reviews of hydrogen 
sulfide additions to olefins have been given by Knunyants and Fokin 70 and 
Naylor. 194 , 208 

The x-c&y-uutiaited reaction of hydrogen sulfide (in excess) with a series 
of mono- and disubstituted acetylenes led to the formation of vinyl thiols 
in addition to other products 208a For example, from propyne, both the 
cm and trans isomers of 1-propene-l-thiol were obtained along with 
1,2-dmiercaptopropane and polymeric oil Similar results were obtained 
CHjCsCH + H,S - CHjCH=CHSH + CH 3 CMSHCH,SH 

(t.. and Mi ll 

with 3,3,3-trifluoropropyne, 2-butyne, and hexafluoro-2-butyne, except 
that in the last mentioned case a single isomer of hexafluoro-2-butene-2- 
thiol (43a) was obtained From phenylacetylene the major product 
SH 

CF,CH=CCF, (C,H 5 CH=CH) s S 

was bis-(/?-phenylvinyl)sulfide (435). 

Experimental Conditions. Ultra violet- initiated reactions have been 
carried out by irradiating the reactants in a vessel cooled to —80° with 
the ultraviolet source immersed directly in the mixture,* 7 or in sealed 
quartz tubes cooled in a transparent liquid in a quartz container with an 
external ultraviolet source 1,1 Ultraviolet sources radiating at 2537 A 

«• Bortmek tnd Ftglsy. French p»t. 1.21 1.4 It (IMS). 

w Barr.nd Ko«. CK.m , 20. 1111 11831) 

WI Xmylor, J. Rotymcr. Set , 1, SOS (19<«). 

Stocty and Hutu, J. Am Cktm Sot . 83. SOS (1903). 
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(e.g., a Hanovia SC-2537 lamp) are generally used. The times vary from 
a few minutes, for 1-butene at 0°, 191 to several hours, for 1-chlorocyclo- 
hexene at — 78°. 97 Temperatures ranging from —78° to room temperature 
have been used. Temperature effects have been noted. The addition 
of 1-butene at 0° proceeded in 89% conversion while at — 78° the conver- 
sion was 40-45%. 191 Pyrex vessels can be used in experiments employing 
sensitizers (generally acetone) and ultraviolet sources radiating at or 
above 3000 A. Additions to vinyl silanes have been accomplished by 
irradiating the refluxing silane while hydrogen sulfide was bubbled 
through. 209 'Ultraviolet-initiated additions have been carried out in the 
gas phase, but they are much slower than in the liquid phase. 

In azonitrile-initiated experiments, a,o’/-azo-bis(isobutyronitrile, 190 ’ 
l,l'-azo-bis(cyclohexanecarbonitrile), 190 and a,a'-azo-bis(a,y-dimethyl- 
maleonitrile) 190 in amounts varying from a few tenths of 1% to a few per 
cent have been used. Generally the reactants are sealed in glass 200 or 
metal 190 vessels without a solvent and are heated for a period of a few 
hours to 60 hours at catalyst decomposition temperatures. In peroxide- 
initiated experiments, ascaridole (1%), 196 di-f-butyl peroxide (5%), 
and a peroxidized dioxane-hydrogen chloride solution 196 have been used, 
the procedures being analogous to those for azonitrile-initiated experi- 
ments. In the oxygen-initiated additions to vinyl ethers, the reactants 
containing 0.01% or less of oxygen are sealed in glass vessels and allowed 
to stand at room temperature for several days. 196 


Addition of Bisulfite Ion to Olefins and Acetylenes* 


Bisulfite ion in aqueous solution adds in the anti-Markownikoff sense 
to olefins and acetylenes in the presence of certain oxidants or free radical 
initiators. Por example, from propylene and ammonium bisulfite in the 
presence of oxygen, ammonium w -propane- 1-sulfonate is obtained. 
The free radical chain mechanism for the olefin reaction, originally proposed 

CH3CH=CH 2 -f- nh 4 hso 3 — ch 3 ch 2 ch 2 so 3 nh 4 

by Kharasch and co-workers, 2U may be formulated as follows. 


hso; 


Initiator 


-> -soy 


-soy + c=c 1- -c — csoy 


5,8 Zappel, Ger. pat. 1,000,817 [C..4., 53, 13054 (1959)]. d 

* The addition of bisulfite to olefins has been reviewed by Walling (ref. 45, p- 
Mayo and W ailing (ref. 8). A summary of the work done before the free radical nature o 
reaction was recognized is given by Kharasch, May, and Mayo.= 10 
!, ° Kharasch, May, and Mayo, J. Org. Chem., 3, 175 (1938). 

211 Kharasch, May, and Mayo, Chem. <fc Ind. (London), 57, 774 (1938). 
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II II 

•C— CSO3 + HSOj . CHCS07 + sor 

II II 

The exact nature of the adding species, represented here as the sulfite ion 
radical, is not known with certainty; it may well be the bisulfite radical, 
HSO a - * In any event, the adding species does contain sulfur, since in 
those products whose structures have been determined the sulfur atom is 
attached to the carbon atom generally attacked by free radicals. 

The reaction has not been studied broadly. No stereochemical studies 
have been made, and no information concerning the reversibility of the 
addition step has been obtained Neither has its scope been clearly 
defined. For the bisulfite source, sodium, potassium, ammonium, and 
some amine 111 bistilfites have been employed. In the majority of 
examples reported, oxygen was the initiator, cither added intentionally or 
adventitiously Other oxidants or radical sources such as peroxides, 115 
nitrite, and nitrate* 10 have also been used In oxygen-initiated additions 
there occurs a competing oxidation of bisulfite to bisulfate, a disadvantage 
not inherent in peroxide- initiated reactions. 

Both terminal and internal* 10 -* 1 * olefins undergo the reaction satis- 
factorily. With ethylene, either the 1 : 1 adduct 210 -* 17 or higher telomere* 10 
can be obtained, depending on the ethylene pressure employed Peroxide- 
initiated bisulfite addition to fluoroolefins occurs readily, affording a route 

C t H 6 SOj 
H(CH 2 CH a )„SOj 

[" - «(.y«ra S e)l 

to highly fluorinated alkanesulfonic acids 215 Other substituted olefins, 

n-C 5 F u CF=CF 2 + NaHSO, Pw,>xlli * > . n-C 5 F„CHFCF 1 ,S0 3 Na 

including vinyl chloride, allyl alcohol, styrene, vinyl sulfides, vinyl 
sulfoxides, and vinyl sulfones, also undergo the reaction 
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Hydroxyl-substituted olefins, c.g., nllyl carbinol, 216 work particularly 
well, probably because of their relatively high solubility in the aqueous 
bisulfite solution. 


H OCH.CII jCH=CH . + XnHS0 3 — y H0(CH„) 4 S0 3 Xa 

(nlmo«t quantltatlTr) 

In the oxygen-catalyzed addition of bisulfite ion to nllyl alcohol the sole 
product at 7 is the 1 : 1 adduct 44, but at pH 4 a sulfonnte-sulfinnte 45 
is virtually the exclusive product. 219- "' A possible mechanism for the 


KHSOj + HOCH.CH=CH. -2iy HOCH.CH.CH.SO..K ~ HOCH.CHCH. 

I ! 

KO.S SOjK 

<< " 45 

formation of 45 is the reaction of the intermediate radical 46 with sulfur 
dioxide followed by chain transfer with bisulfite ion. 


HOCH.CHCH. 

| ‘ +so 8 
so 3 K 

46 


HOCH.CHCH. 1IS0 
•o.s .so 3 k 


HOCH.CHCH. 

‘I I ' 

HO.S S0 3 K 


In oxygen-catalyzed addition of bisulfite ion to styrene, two products in 
addition to the 1:1 adduct 48 are obtained. 214 They are 2-hvdroxy-2- 
phenylethanesulfonic acid (49), the major product of the reaction, and 
2-phenylethylcnesulfonic acid (50). The three products are not inter- 
convertible under the reaction conditions and presumably arise from the 
same intermediate radical, the two new products deriving from reactions 
of this radical with oxygen. 


C c H 5 CH_CH 2 + NaHS0 3 — C 6 H 6 CHCH 2 S0 3 Na ^-y C c H,CH„CH.S0 3 Na 


OH 



C 0 H 5 CHCH 2 SO 3 Na C c H s CHCH 2 S0 3 Na C 0 H s CH=CHSO,Xa + OOH 


49 (05%) 


50(10%) 


If the oxygen is replaced by nitrite or persulfate, none of the unsaturated 
su onate 50 is formed, presumably because of the inability of these 
oxidants to remove a hydrogen atom from the intermediate radical 47. 


219 

220 
221 


Helberger, Anrjew. Chem., 73, 69 (1901) 

Holberger, Ger. pat. 915,093 [C.A., 49, io357 (1955)1 
Helberger, Ann., 588, 71 (1954). 
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It has been shown conclusively that with ordinary olefins no addition 
of bisulfite occurs in the absence of an oxidant or other radical-producing 
source.* 10 On the other hand, bisulfite ion adds very rapidly to a,/3- 
unsaturated carbonyl compounds and nitriles. Since this reaction is 
completely unaffected by factors which usually promote or retard radical 
additions, it is obviously ionic in nature.* 22 " 223 

SO,~* + CH a =CHCO,CH, -*• “OjSCHjCHCOjCH, ^ -0 3 SCH 2 CH a C0 2 CH 3 
In the addition of bisulfite ion to acetylenes, both 1 : 1 and 2 : 1 adducts 
are formed. 121 1-Hexyne yields sodium Ji-l-hexene-l-sulfonate and 
disodium hexane- 1,2-disulfonate. Similarly, from phenylacetylene, both 
adducts were obtained The 2:1 adduct is apparently exclusively 
n-C 4 H,Ci=CH + NaHSO, -%• 

n.C 4 H,CH— CHSOjNa + n-C 4 H,CH{S0,Na)CH,S0 3 Na 
disodium 1-phenylethane-l ,2-disulfonate 51 in contrast to the diadducts 
CgHjCasCH + NaHSO, - C 4 H s CH-=CHSO,Na - 

C 4 H 6 CH(SO,Na)CH,SO,Na 

81 

from the radical addition of thiols to phenylacetylene in which both thiyl 
groups are terminal. 170 

Experimental Conditions. Most radical additions of bisulfite ion to 
olefins and acetylenes have been carried out in aqueous (20-40%) buffered 
solutions containing an excess of bisulfite with oxygen as the initiator. 
Many reactions have been carried out at the boiling point with air or 
oxygen passed through the reaction mixture. Pressure vessels 
have been used for reactions involving gaseous olefins. 

Since oxygen is consumed in the competing autoxidation of bisulfite 
to bisulfate, a continuous BUpply of oxygen is necessary to achieve high 
conversions The relative amounts of the two products, i.e., bisulfate 
ion and the addition product, depend largely on the nature of the olefin, its 
solubility in the reaction mixture, and the ease with which addition takes 
place. There is an optimumpH (5-7) for the addition reaction; thisvalue 
varies somewhat with the olefin used and with the cation initially associated 
with the bisulfite ion employed Since the autoxidation of bisulfite ion 
results in an increase in acidity (bisulfate is more acidic than bisulfite), 

*" Schenck and Danishefsky, J Org Chm , 16, 1683 (1951) 

”* Morton and Landfield, J Am Chm Soe , 74. 3573 (1932) 

as* IV J, Wen lech. Doctoral Dissertation, N«v York University, 1955, Xtustrtation Abatr , 

IS, 80S (12581 

1,1 1. G Farbenmdwtrie, Bnt. pat 454,875 [C A., 31, 1430 (I937JJ 
m lifer, Ger. pat 681,338 [C A , 36. 2052 (1942)] 
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a disadvantageous effect of the concurrent autoxidation is a change in the 
pH from the optimum, which slows down the addition. This effect can 
be offset by buffering with sulfite ion, which is oxidized to sulfate ion. 
Buffering is accomplished by the addition of ammonia when ammonium 
bisulfite is used as the bisulfite source. 210 

With radical initiators other than oxygen, e.g., benzoyl peroxide, 
i-butyl perbenzoate, and 2,2-bis(i-butylperoxy)butane, particularly in 
solvent systems such as aqueous methanol, aqueous hexanolamine, and 
aqueous pyridine, yields of alkanesulfonic acid salts in the range 80-100% 
have been obtained in autoclave reactions. 227 Similarly, the peroxide- 
initiated addition to fluoroolefins in aqueous borax solution occurs with 
relatively high yields in autoclaves. 215 

The temperatures employed in experiments with peroxide catalysts are 
generally those required for decomposition of the catalyst. With oxygen, 
temperatures between —5° and 100° have been used, room temperature 
being most common. 

Addition of Sulfonyl and Sulfuryl Halides to Olefins 

Free radical chain addition to olefins of a variety of compounds con- 
taining sulfonyl halide groups, e.g., sulfuryl chloride, sulfuryl chloride 
fluoride, aromatic sulfonyl halides, and N-chlorosulfonylphthalimide, 
have been reported. 

II II 

RSO a X + C=c -v RSO„C — C — X 

MM 

The additions of arylsulfonyl halides to give ]?-haloalkyl aryl sulfones have 

C 6 H 5 S0 2 C1 + CH 2 =C{CH 3 ) 2 — ■ C 6 H 5 S0 2 CH 2 CC1(CH 3 ) 2 

received the most attention, and a typical radical chain mechanism has 
been proposed. 

ArS0 2 X — AtS0 2 - 

52 

ArS0 2 - -f CH 2 =CHR — ArS0 2 CH 2 CHR 
ArS0 2 CH 2 CHR + ArS0 2 X — ArS0 2 CH 2 CHXR -f ArS0 2 - 
Ar S 0 2 CH 2 CHR -f CH 2 =CHR -* ArS 0 2 CII 2 CH(R ) CH 2 CHR 

_ The arylsulfonyl radical 52 is the adding or chain-carrying species 
since, in all products whose structures have been determined, the sulfonyl 
group is attached to the carbon atom generally attacked by radicals. 
Arylsulfonyl chlorides, bromides, and iodides all undergo the reaction. 
2:7 Harman ' U - S - pat. 2,504,411 [C.A., 44, 5897 (1950)]. 
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In a study of comparative reactivities of benzcnesulfonyl halides and 
bromotrichloromcthane in additions to olefins, the following order was 
determined.* 5 ® p-Chloro benzcnesulfonyl chloride has been reported to 


C,H,SO,I •> C,U s SO,nr > ItcCClj > C,H s SO,Cl 

be considerably more reactive than benzcnesulfonyl cliloride 559 
Both internal and terminal olefins undergo the reaction readily. With 
ethylene, p-chloro benzcnesulfonyl chloride forms a series of telomers in 
addition to the 1:1 adduct.* 5 * Substituted olefins, eg, allyl acetate, 
methyl acrylate, vinyl bromide, methyl methacrylate, ally 1 chloride, 
acrylonitrile, stjTCne, and 3,3-diacctovy- 1 -propone react, and the products 
obtained arc tho«e expected if it is assumed that ArSO a - is the adding 
species. 

The stereochemistry of arylsulfonyl halide additions has received some 
attention Ultraviolet-catalyzed addition of benzcnesulfonyl iodide to 
either eis • or tran t-2-butcnc yields the same mixture of diastereomeric 
addition products under conditions in which the individual olefins are 
not isomcrized t30 - al Thus, in a fashion analogous to radical thiol 
additions, equilibration of the intermediate radical occurs before the 
transfer step takes place. 


ArSO, + ^''c=e // — 
/ \ 


CH, H 
ArSOj- + C=C — 
/ \ 


- ArSOjCIItCiyCItCIfs 

*’Jf 

ArSO,CH(CIIj)CHCHj 


Ar 



CIIjCHCHICHj 


The value of (*,/£-, )[C,H 5 SOjI) has been estimated as ^10 4 in this case.* 50 
Peroxide- or ultraviolet-initiated addition of p-toluenesulfony'l chloride 
to norbomene occurs trans, apparently exclusively, giving exo-2-p- 

toIucnesulfonyi-endo-3-chloronorbornane(53) without rearrangement 149 ’* 38 


tl j, h MoN.m.r., Doctoral Diraertation, Penn.yN.ni. 
'rertntion Abilr., 17, 226 (1957). 

“ Ladd, US. p»t. 2,523.580 [C A . 46, J5S8 (1952)]. 

'» Skell, Woodworth, and McNomora. J Am Chrm So c , 79, 
« EUell and McN.tn.ra- J. Am. Chtm Sec , 79. 85 (1957). 

» Cr-tol .nd Boeder. J. Or, Clm, 96. 2182 (1961). 


1253 (1957) 
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This result is unusual in that radical additions to norbornene generally 
occur cis. Evidently approach of p-toluencsulfonyl chloride on the 
exo side of the intermediate radical for transfer is impossible for steric 


/> - C H 3 C .5 S 0 o C 1 + 



reasons. Similarly, trans addition to endo-exo-1 , 2,3,4,10,10-hexachloro- 

l,4,4a,5,8,8a-hexahydro-l,4,5,8-dimetbanonaphtlialene (54) without re- 
arrangement was noted. 140 ' 232 The addition to norbomadiene occurs with 
rearrangement to give 3-p-toluencsulfonyl-5-chloronortricyclene. 149 ' 232 


Cl 



I eroxide-initiated reaction of trichloromethanesulfonyl chloride with 
styrene leads to addition of the elements of carbon tetrachloride with loss 


ci 3 cso 2 ci + c 0 h 6 ch=ch 2 — rox ' C 0 H 5 CHC1CH 2 CC1 3 + S0 2 

of sulfur dioxide. 233 There are apparently no examples of radical additions 
of alkanesulfonyl halides to olefins. 

Peroxide- or ultraviolet-initiated addition of sulfuryl fluoride chloride 
to olefins results in the formation of chloroalkanesulfonyl fluorides, by a 
radical chain process. 234 * 235 


■p initiator 

C180 2 F y SO.F 


RCH=CH 2 + -S0 2 F ■ 

rchch 2 so 2 f + ciso 2 f - 


-> RCHCH 2 S0 2 F 

-> Rchcich 2 so 2 f + -so 2 f 


There is little or no cleavage of the sulfur-fluorine bond. Yields with 
ong-cham terminal olefins, e.g., 1-octadecene, are high; with olefins of 
low molecular weight, telomors containing 2 and 3 olefin units are obtained 

!; add “ nd Ki '°y- U - S - I ,at - 2,000,213 [C.A., 47, 0440 (1953)]. 
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in addition to the 1:1 adduct. With flu on na ted ethylenes, chloro- 
polyfluoroalkanesulfonyl fluorides containing an average of 4 to 18 olefin 
units are formed 

The reactions of sulfuryl chlondo with terminal olefins in the presence 
of sulfur dioxide result in the formation of sulfones in 15-30% yields, and 
of dichloroalkanes in 50-80% yields. One-to-one adducts (sulfonyl 
chlorides) have not been obtained in these reactions 
n -C,H„CTI— CH, + SO,Cl, - (n-C,H n CHClCH,) 2 S0j + h-C 4 H„CIIC1CH,C1 
Two mechanisms have been proposed by Kharasch and Zavist 436 ■ 237 
The first, a typical chain type involving the intermediate formation of a 

SO.C V - 1 '' 1 — > SOjCl 

•SOjCl + RC1I— CH, ► RCHCHjSOjCI 

RCHCHjSO.Cl + SOjCl, ► RCHCJCHjSOjCI + SOjCl 

RCHCTC1I,80,C1 tmll * l0r > - RCHCICHjSOj 

RCHCICHjSOj + RCH— CIIj ► RCHC1 CH,SOjCHjCHR 

RCIICICUjSOjCIIjCHR + POClj ► (RCHC1CH 2 ) 2 SO s + SOjCl 

sulfonyl chloride which adds to the olefin by a subsequent chain reaction, 
is unlikely since it was found that an alkanesulfonyl chloride would not 
odd to the olefin under conditions in which sulfones are formed. The 
second scheme postulates a rearrangement of the intermediate radical 55 

RCHCH t SO,Cl - -- -- V RCHCICHjSOj 

RCHCICHjSOj- + RCH=CH 2 — *- RCHClCH 2 SO a CH„CHR 
RCHCICHjSOjCHjCHR + SO,CJ, - — >■ (RCHClCHj) 2 SO a + SOjCl 
with a shift of chlorine from sulfur to the /5-carbon atom and thus obviates 
the necessity for an alkanesulfonyl chlorine-olefin addition. At the 
present time this mechanism seems the more likely, but further work is 
necessary to substantiate it. 

The only unequivocal example of the formation of an alkanesulfonyl 
chloride by a radical process from an olefin and sulfuryl chloride is the 
telomerization of ethylene with sulfuryl chloride.* 39 A radical mechanism 

Cir t =CH a + SO s Clj Pero * ld °> C1 (CH s CH,)„S0 2 C1 
has been postulated for the formation of /5,^-dichloroethanesulfonyl 

“ KWaatf. wi4 Tvs-aV. J. An Chau St* , Ti, V,<, \\1frV, 

*•’ Kharasch and Zavist, J. Ant Chau. Soc , 70, 3526 (1948) 

»»• Hanford and Joyce, U S pat. 2,440,900 [C A , 42, 6373 (1949)} 
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chloride from a reaction of vinyl chloride and sulfuryl chloride catalyzed 
by sulfur chlorides, 230 ' 239 but it seems unlikely that this can be a radical 
reaction. 

Mixtures of N-chlorosulfonylphthalimide (56) and 1-decene or 1-octene 
react in the presence of peroxide to give N-(chloroalkylsuIfonyl)phthal- 
imides, presumably by a chain mechanism analogous to that written for 


CO 



CO 


nso 2 ci + ch 2 =chr — - Me > 



CO 
" \ 

NS0„CH„CHC1R 
CO 

(R =* n-C e n„,n-C 6 n„) 


aromatic sulfonyl halide additions. 210 Efforts to effect additions of 
N-chlorosulfonylphthalimide to styrene, indene, vinyl acetate, or allyl 
chloride, and of N,N-dimethylsulfamyl chloride and N.N-dimefchyl- 
carbamyl chloride to 1-octene, failed. 

Experimental Conditions. The additions of aromatic sulfonyl 
halides and sulfuryl chloride fluoride have been carried out by heating 
the reactants (in an autoclave if the olefin is low-boiling), at the decom- 
position temperature of the azonitrile or peroxide catalyst. 229 - 235 ’ 2 " 
Benzenesulfonyl iodide additions have been accomplished by ultraviolet 
irradiation of the olefin and the freshly prepared iodide in carbon tetra- 
chloride solution. 228 - 231 The additions of sulfuryl chloride to terminal 
olefins to give sulfones have been- carried out by adding a solution of 
sulfuryl chloride m the olefin to a suspension of benzoyl peroxide in the 
olefin at 60-65° through which a slow stream of sulfur dioxide is passing. 
Reaction times are 6-7 hours. 236 - 237 


Miscellaneous Additions to Form C— S Bonds 


Addition of Sulfenyl Chlorides. Sulfenyl chlorides, which undergo 
ionic addition to hydrocarbon olefins readily, 212 have recently been shown 
to undergo free radical additions also. 213 - 216 Thus trichloromethane- 
su lenyl chloride has been reported to add to styrene under the influence 
of benzoyl peroxide or ultraviolet radiation. 213 - 211 The product isolated 


2<o Khamsch t w T 7’ ^ CW USSR - 17 < 2028 d» 17 ) [C.A.,43, 1248 (1949)]. 

!tl f™ ■ and Mosher, J. Org. Chem-.V}, 453 (1052). 

212 ^ ’ L ; S -f ,at ' 2 * 521 -0°8 [O.A., 45, 653 (1051)]. 

- - Kharasch, 1„, and Strashun, ./. Am . Chem Soc., 74 3422 (IBS") 

. r, ' y - °" t i chlk ’ and Borbalk - XonaUh. Chem., 91 794 (1960) 

£ cyand g j“' cw, 90 , «u (195 9,. ( 

Hams, J. Am. Chem. Soc., 84, 3148 (1962). 
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"as assigned structure 57, "ith the chlorine atom on the terminal carbon 
CljPSO + C,H,CH=sCII, — C 6 H 5 CH(SCCI 3 )CHjC1 

87 

atom indicating that a chlorine atom, rather than the trichloromet hylthiyl 
radical, is the adding species. A chain mechanism has been proposed 243 
CljCSCl -CI 3 CS +C1 
0,11,011=011, + ci -* C,H,CJICH,CI 
C,H,CHCH,CT + CljCSCl -* C.IIjCHfSCCljJCHjCI + Cl- 

The ultraviolet* or nzonitnle-mitiatcd reaction of trifluoromethane- 
sulfenyl chloride with several unsymmctrical fluoroolefins has yielded 
both possible 1*1 adducts.* 1 * For example, from the reaction with 
trifluoroethylene, both 58 and 59 "ere obtained. In previously studied 
radical additions of trifluoromethanethiol, hydrogen bromide, and 
trifluoromcthyl iodide to trifluoroethylene, tuo 1 : 1 adducts have also 

CFjSCl + CIlF=CF,-^»- CFjSCFjCHFCl + CF s SCHFCF,Cl 

58 (81%) 89 (IS®#) 

been obtained. The predominant isomer results from attack by the chain- 
carrying radical on the monofluoTinated carbon atom. Thus, in the 
addition of trifluoromethanethiol, 60 is the predominant product Since 
the orientation with respect to the CF,S group of the predominant adduct 

CFjSH + C1IF=CF, CF.SCHFCHF, + CF a SCF,CH,F 
60 (08%) 61 (2%) 

(58) obtained in the sulfenyl chloride reaction is just opposite to that 
(60) obtained in the corresponding thiol addition, it appears that m this 
case also the predominant adding species must bo the chlorine atom 
Several other examples of tnfluoromethanesulfcnyl chloride additions have 
been studied and. where a direct comparison with the analogous tri- 
fluoromethanethiol addition was made, it was found that the orientation 
with respect to the trifluoromethylthio group was reversed (Table VIII) 

TABLE VIII 

Comparison or Composition or 1 : 1 Adduct Fractions from CF,SC1 and 
CFjSH Radical Additions 

The numbers represent the % composition, of the l : l adduct fraction with 
respect to the orientation of the CF,S group.) 

C Hj=CHCl CF,=CHF CF^=CFC2 CF,=CH, 

CP SCI 5 9 5 82 18 25 75 78 22 

CF*SH 100 0 2 98 100 0 0 100 
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Since in each of the sulfenyl chloride additions both 1 : 1 adducts are 
obtained, it appears that the reaction is also occurring, to some extent at 
least, by a mechanism analogous to the thiol mechanism involving the 
CF 3 S radical as the chain- carrying species. 

TJV 

CF 3 SC1 — > CF 3 S- + Cl- 

i I || 

CF 3 S- + C=C s- CF 3 SC — C- 


II II 

CF 3 SC— C- + CFgSCl CF 3 SC — CC1 + CFoS- 

I 1 II 

Ultraviolet- or peroxide-initiated additions of trichloromethanesulfenyl 
chloride to cyclohexene, 243 . 244 1 -hexene, 243 1-octene, 243 allyl acetate, 243 
allyl chloride, 243 indene, 244 benzofuran, 244 and hexachlorodihydrothio- 
phene have also been carried out, but no pertinent structural data on 
the products have been reported. 

Addition of Sulfur Chloride Pentafluoride. Recently radical 
additions of sulfur chloride pentafluoride (SF 5 C1) to olefins and acetylenes 
have been reported and a radical chain mechanism has been proposed. 246 - 249 


SF s Cl 


Initiator 

> sf 5 - 


sf 5 - + C=C- 


-> SF-C — C- 


SF 5 C — C- ~ C=C- 


-> SF s (C — C) 2 - etc. 


SF s C— C- + SF-C1- 


— >- SF s C— CC1 + SF,- 

. . 1 M 

The ultraviolet-initiated addition to propylene yields 2-chloropropyl 
sulfur pentafluoride, indicating that the SF s radical is the adding species. 


SF 5 C1 + CH 3 CH=CH, 


uv 


• ch 3 chcich 2 sf 5 

The orientation of the 1 .1 adducts in additions to chlorotrifluoroethj’lene 
and trifluoroethylene also support this contention. 

SF s Cl + CHF=CF 2 — SF 5 CHFCF 2 C1 

SF 5 C 1 + CFC1=CF 2 -v SF 5 CF 2 CFCI 2 

“l Case - R »X. ond Roberts, Proc. Chcm. Soc., I960, 401. " 


' * uvt., Apt 

Roberts, Quart. Rev. {London), 15 , 40 (1901) 

Caso • Ra - V ’ and Roberts, J. Chem. Soc., lggl’ 2066 
=<» Case, Ray, and Roberta, J. Chem. Soc., 198l’ 207o" 



CARBON’ HETKRO ATOM BONDS BY RADICAL ADDITIONS 207 

" lt ' 1 tctrafluorocthylene in the presence of a free radical initiator, a 
scries of telomers 62 is formed. When the reaction is initiated with 
ultraviolet radiation, a second series of telomers 63 is formed in addition 
SF 4 (CF 4 CF,I,Ct Cl(CFjCF s |,a 

63 63 

to the series 62 Additions to ethylene, butadiene, and cj clohexene have 
also been carried out Isobutylene and styrene polymerize m the presence 
of sulfur chloride pentafluoride and apparently do not yield 1:1 adducts. 
Additions to acetylene and methyl acetylene give only 1:1 adducts 
CIIs CII + SF,C1 — C1CH— CHSF, 

CH,C=CII + SF,C1 -CH,CHCl=CHSF s 
Addition of Disulfides. Organic Disulfides. Organic disulfides have 
been examined extensively as chain transfer agents in free radical vinyl 
polymerizations, and studies of the polymerization of styrene in the 
presence of disulfides have show n that the polymers contain two RS groups 
per molecule (ref. 45, pp. 156-167, 332-333) 

RSSR 2RS 

RS + CHj=CHC,H, — RSCIIjCI 1C,II 8 
RSCH,CHC,H 5 + (i - 1)C 4 HiCH— CH j - RS(CH t CH{C,H s )] * 

RS(CHjCH(C,Hj)) , + RSSR -* RStCH.CHiC.HjJ^SR + RS- 
The magnitudes of disulfide-olefin transfer constants indicate that l : 1 
chain addition of the more reactive disulfides to olefins should be possible 
Apparently, the only such reaction reported is the photoimtiated addition 
of n-butyl disulfide to vinyl acetate to give ],2-bis(n-butyIthio)ethyl 
acetate (64) 78 It is not known v-hether this product is formed by a 
chain-propagating displacement step or by the addition of two RS radicals 
SC.H.-n 

I 

CH 3 C0 2 CH=CH a + (n-C.HjljSj - CH 3 C0 2 CHCHjSC 4 H,-n 
« (30%) 

produced by photolysis of the disulfide Disulfide -olefin additions cat- 
alyzed by iodine have been reported, but these are ionic in nature 8511 251 8Sla 
Tkiocyanogen. Although a large number of additions of thiocyanogen 
to carbon-carbon double and triple bonds have been recorded 258 and 

’*• Holmberg, Arltv Km, Mineral. Oct * , 138, No 14 (1939) 

8,1 Schneider and Bagnell, J. Org Che m . 28, 1984 (1961). 

““ Schneider. Begnell, end Murdoch. J. Org Chem , 26, 1987 (1961) 

*** Wood, in Adame, Organs Beaehoru, Vol 3, Chap. 6. John Wiley A Sons, New York, 
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although it has been noted that the reactions are accelerated by ultraviolet 
radiation, there has been very little study of the mechanism of the 
reaction. Quite recently, it was reported that the reaction is also 
influenced by tbe presence of peroxides, and a free radical mechanism 
was proposed . 2j3 Addition to the double bond to give 65 may be 
accompanied by allylic substitution to give 66. The relative amounts of 
addition and substitution depend on the structure of the olefin. Cyclo- 


(.SCN) 2 + — C=C— CH ■ 


-C(SCN)C( SCN ) CH- 

65 


-v — C=C— C(SCN)— + HNCS 


66 

hexene undergoes both addition and substitution, whereas 1-methyl- 
cyclohcxene undergoes largely substitution and 1-octene exclusively 
addition. In view of the scanty literature on the free radical nature of 
thiocyanogen additions, and the fact that there is available a tabulation 
of many examples,- 0 - no further review will be presented in tills chapter. 

Hydrogen Dimtlfidc. The decomposition of hydrogen disulfide in the 
presence of an excess of an olefin results in the formation of monosulfides, 
isulfides, and tctrasulfidcs. For example, from 1-pentene at 50°, diamyl 
monosulfide, diamyl disulfide, and diamyl tctrasulfide were obtained in 
yields of 31%, 12%, and 25%, respectively. 251 . 255 


Cn 2 =CHC 3 H,-» + tr„S 2 - (n-C s H„) 2 S n + H 2 s 

(n « 1,2,4) 

The decomposition of hydrogen disulfide to sulfur and hydrogen sulfide 
competing reaction and becomes of major importance with less 
nac ne o (.fms. Thus the yield of hydrogen sulfide increased from 
, /° ' v,th 1 -peutone to 21% with 2-pentene, and to 30% with cyclo- 

hexene. Other olefins which have been tried in this reaction, but for 

v nr i pro< nets have not been disclosed, include stvTene, isoprene, and 
a-methylstyrene. 

A chain mcdianism vitli an initiation step involving scission of the 
' ,n ° t'drogen disulfide has been proposed to account for the 
pro< nets orimd. However, the structures of the products have 
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apparently not been determined, and more research is necessary to 
establish that the reactions proceed by way of a free radical mechanism 

ADDITION OF SILANES TO OLEFINS AND ACETYLENES 

The synthesis of organosilicon compounds by adding to olefins silanes 
containing one or more Si — II bonds was first reported in 1947 by three 
groups of investigators Sommer, Pietrusza, and Whitmore 256 and 
Burkhard and Krieble 2 * 7 reported independent studies of the peroxide- 
■nitiated additions of trichlorosilane. The former group also noted the 
ultraviolet-initiated addition of trichlorosilane to 1-octene, and the latter 
workers included rocthyldichlorosdane and a rather wide variety of 
unsaturates in their study. The third paper, by Barry, DcPree, Gilkey, 
and Hook,*** reported the thermal, uncatalyzed addition of silanes to 
olefins under pressure. Subsequently a substantial amount of research 
on the radical addition of silanes to unsaturates appeared in published 
papers and in the patent literature Concurrently, ionic additions, 
catalyzed by metals and metal salts (eg., platinum and potassium 
chloroplatinate) have been found and explored extensively 

This discussion and the accompanying tables are concerned only with 
the free radical addition. The metal and metal salt-catalyzed reactions, 
which are the subject of a considerable body of literature, are excluded. 

A recent report states that iron pentacarbonyl catalyzes the free radical 
addition of silanes to olefins Although there is room for doubt concerning 
the mechanism of reaction with this catalyst, examples are included in 
the tables. 


Mechanism; Scope and Limitations 

The free radical chain addition of silanes to olefins and acetylenes occurs 
only with compounds having one or more hydrogen atoms attached to 
silicon. This fact and its corollary, the failure to observe additions 
involving Si— X bonds (X = Cl or Br), can be accounted for by the 
energetics of the respective displacement steps 45 

H a SiCH s CH,- + SiH 4 -* MjSiCHjCH, + SiH, AH = -14 kcal/mole 

CIjSiCHjCHj- + SiCl 4 -* CT,SiCHjCH,Cl + -SiCl 3 AH = +17 kcal/mole 

The mechanism of the reaction is illustrated for the addition of trichloro- 
silane to ethylene 

111 Sommer, Pietrusia, end Whitmore, J. Am. Chcm. Sac , 69, 188 (1947}- 
1,7 Burkhard and Kneble, J. Am Chem. Sac , 09, 26*7 (1947), 

**■ Barry, BeProe, Gilkey, and Hook, J. Am. Chm Soo , 69, 581* 


(18411. 
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HSiCL 

•SiCl 3 + ch„=ch 2 - 
Cl 3 SiCH 2 CH 2 - + IISiCl 3 - 
Cl 3 SiCH 2 CH 2 - + CH 2 =CH 2 ■ 


Initiation 


H- + -SiCl 3 
— Cl 3 SiCH 2 CH 2 - 
-> Cl 3 SiCH 2 CH 3 + -SiCl 3 
-> Cl 3 SiCH 2 CH 2 CH 2 CH 2 - etc. 


The formulation of the initiation step depends, of course, on the nature of 
the initiator. Radiation or thermal initiation probably proceeds as 
shown. With peroxides or other chemical initiators, initiation should 
probably be written to indicate abstraction of the hydrogen atom from 
trichlorosilane by an initiator fragment. 

Addition has been initiated in a variety of ways, including exposure to 
ultraviolet 250 - 259 or ionizing radiation, 200 heating at 160-400° in the 
absence of any added catalyst, 258 and heating in the presence of 
peroxides 250 - 257 or azo compounds. 201 - 202 The peroxides used most 
frequently as initiators are acetyl peroxide, <-butyl perbenzoate, di4-butyl 
peroxide, and, especially, benzoyl peroxide. A study has been made of 
the influence of a wide variety of substances on the i- butyl perbenzoate- 
catalyzed addition of trichlorosilane to 1-pentene. 203 Tin promotes the 
reaction, apparently through an induced decomposition of the peroxide, 
and with a mixture of tin and stannic chloride the reaction is violent even 
at room temperature. Such substances as alcohol, nickel, lead, zinc, 
traces of water and silicone grease are without significant effect, while iron 
and iron salts are very effective inhibitors. It has recently been reported 
that iron pentacarbonyl is an effective initiator for the reaction. 204 The 
formation of additive dimers (R 3 SiCH 2 CHRCHRCH 2 SiR 3 ) is suggestive 
of the free radical character of the iron pentacarbonyl-initiated reaction. 

Ultraviolet radiation is a generally effective and often very convenient 
initiator. Peroxides appear to give higher yields of adduct, but in the 
addition of trichlorosilane to 2-methyl-2-butene the higher yield is 
obtained with ultraviolet radiation. 259 Triphenylsilane adds to 1-octene 
in the presence of benzoyl peroxide but not under ultraviolet irradiation. 205 
In the additions of trichlorosilane and of methyldichlorosilane to a number 
of fluonnated olefins, higher yields were obtained with di4-butyl peroxide 
than with ultraviolet radiation, 200 but Haszeldine and co-workers have 
o i ained excellent yields in additions to fluorinated olefins by irradiation 

::: ss xr (1948) - 

2 £ P8C b 0mb ' U-S ; pat - 2 ’ 570 ' 402 [CM., 46, OKI (1952)], J ’■ 

- Krnsberger and Lipscomb, U.S. pat. 2,570,403 [CM., 46 0141 (1952)1 
Speicr and Webster, J. Org. Chem., 21, 1044 (|g, ni ’ ( 10 -> z »- 

204 Frcidlinn, Chukovskaya, and Ts’nn p- a * „ ' * , _ . » 

127, 551 (1959). y U 1 ’ P Acad ■ Sci - ussn, Chem. Sect. (Engl. Tranel), 

2C5 T7* « , nl.n M T 


Fucl.s and Gdman, J . Org. Chem., 22 , 1009 (1957, 

McBco, Roberta, and Pucrckhauer 7 a A, '' 

u j. uerckhauer, J. Am. Chem. Soc., 79, 2329 (1957). 
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of the reactants in sealed quartz tabes 267-269 Among the other initiators 
azo compounds appear to be about as effective as benzoyl peroxide, 261,262 
and y-ray irradiation has been used to obtain high yields of adducts from 
a -variety of olefins.* 80 Ozone has been claimed to be an initiator in the 
addition of silanes to perhalogenated olefins, 270 and iron pentacarbonyl 261 
has been reported to promote additions of triethoxysilane, a compound 
with which peroxides and ultraviolet irradiation are quite ineffective 259 

The purely thermal reaction is satisfactory if the olefin does not poly- 
merize readily and if the reactants and products have adequate stability 
at the required temperature (160-400°). These reactions are usually 
carried out in autoclaves under pressure, but it is possible to use a flow 
system with a hot tube (400-600°). 271,271 Por the preparation of 1:1 
adducts, the high-temperature reaction has two drawbacks, it favors 
telomerization with polymerizable olefins and ^-halogen elimination with 
haloolefins (see discussion below). 

The formation of higher telomers is frequently observed in silane 
additions to reactive olefins With ethylene or propylene, telomer 
formation is unimportant m the peroxide- or azo-catalyzed reactions 27 * 
unless the reaction is performed under high pressure. 211 Good yields of 
telomers having up to about 6 olefin units are obtained, however, by 
thermal reaction at 250-350°. 27S Trichlorosilane, 274 ’ 275 methyldichloro- 
silane, * 7S * 276 phenyldichlorosilane, 273 and tnethylsilane 273 have been telo- 
merized with ethylene and with propylene under su ch conditions Telomer 
formation is also observed in the ultraviolet-catalyzed additions of 
trichlorosilane and dimethylsilane to tetrafluoroethylene. 287 * 277 With 
very readily polymerizable olefins such as acrylonitrile, methyl acrylate, 
and styrene, only telomers are obtained regardless of the initiator used 278 
It is possible to control the extent of telomerization to a considerable 
degree by variation in reactant ratios Thus, in the reaction between 
trichlorosilane and tetrafluoroethylene. 277 an olefin- to-silane ratio of 1:4 

Gey at and Haazeldme, J. Chcm Soc , 1957, 1038 

Gayer and Haszeldine, J Chcm Sac , 1957, 3925 

Geyer, Haszeldmfl. Leedham, and Markkxr, J Chcm Soc , 1957, 4472 
*’» Farbenfabnken Bayer, Br.t pat. 764,288 [C.A., 51. 14788 (1957)) 

■’» White and Rochow, J Am Chcm Soc , 78. 3897 (1954) 
m Midland Silicones, Ltd . Brit pat 7 52,7 00 fC A , 51, 7402 |)957)) 

«■» Freidlina, Bull Acad Set. USSR. Du. Chcm Set (Engl Traml ), 1957, 1353 
ll * Nesmeyanov, Freidlina, and Chukovskaya, Pros Acad Set. USSR, Chcm Sect (Engl 
Traml ), 113, 197 (1957) 

,7 ‘ Nesmeyanov, Freidlina, and Chukovskaya, Tetrahedron, 1, 248 (1957) 

171 Keameyanciv, Fcevdhne, and Chukovskaya, Proc. Acad Set. USSR, Chcm Sect. (Engl. 
Traml), IIS, 41 (1957) 

*” Hasteldine and Marklow. J. Chcm Soc , 1958. 962 
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gnvc the 1 : 1 adduct, in 00% yield, while n ratio of 5:G gave only 35% of 
this adduct along with 05% of higher telomere. 

The direction of addition of silyl radicals to olefins can usually be 
predicted from consideration of the relative stabilities of the alternative 
intermediate radicals as discussed in the introduction to this chapter. 
Thus, with terminal olefins, the addition is normallv to the terminal 
carbon atom. Two apparent, exceptions were reported for the additions 
of trichlorosilanc and methyldichlorosilanc to l,l,2-trichloro-3,3,3- 
trilhioropropcne. 260 The products, 67 and 68, probably arise through 
initial attack of the silyl radicals on the central carbon atom followed by 
P elimination of a chlorine atom. The thermal addition of trichlorosilane 


HSiClj + CF s C(C 1)=CC1 2 
HSi(CH 3 )CI 2 + CF 3 C(C1)— CCI 2 


- CF 3 C(SiCl 3 )=CCl. 

67 

- CF 3 C[Si(CH 3 )CU]— CCIj 

68 


to chlorolrifluoroethylene is reported to yield both possible 1 : 1 adducts, 
69 and TO.-' 0 -- 80 Ibis is surprising in view of other radical additions to 
this olefin in which attack occurs exclusively on the CF„ group. The 
photochemical reaction of trichlorosilane with chlorotrilluoroethylene 
yields only adduct 69 281 


C1 3 SiCF 2 CHFC1 Cl 3 SiCFClCHF 2 (CH 3 ) r SiC(SiCI 3 )==C'HCH 3 

69 70 71 

Additions to monosubslituted acetylenes occur at the terminal carbon 
atom. ,283 The only disubstituted acetylene studied is trimcthyl- 
silylpropyne, which is reported to give the adduct 71 on peroxide-initiated 
addition of trichlorosilane. 284 In a recent study Benkeser and co-workers 
have shown that peroxide-initiated additions of trichlorosilane to 1- 
pentyne, 1-hexync, 1-heptyne, and 3-methyl-l-butyne proceed stereo- 
selectively to produce approximately 3:1 mixtures of tin- and irons- 
olefins. 283 - 286 The tran-s-olefm was the major product with 3,3-dimethyl- 
1-butyne. 286 

The additions of trichlorosilane to hexafluoro-1 ,3-butadiene at 
200-250° 279 > 280 and to 1,3-butadiene at 330° 268 result in formation of the 
1,2 rather than the 1,4 adducts. 

A considerable number of compounds having one or more hydrogen 


2 «o t S'hconca, Ltd., Brit. pot. 740,510 [C.A., 51, 7402 (1957)]. 

Holuska, U.S. pot. 2,800,494 [C.A., 51, 17982 (1957)1 

281 Haszcldino and Young, J. Chem. Sac., lge 0 , 4503 

282 Burkhord, .7. Am. Chem. Soc., 72, 1402 (1950) 

Z TZT T Hi ; kn0r - J - Am - Chem ■ S ° 80,’ 5298 (1958). 

-•Shchukovnkaya, Petrov, and Egoroft, J. Gen. Chem. USSR (1 Engl. TronR.), 20, 3713 
(195G). 

BenkCSCr ’ Burr0U8 ’ ™«1 Swiaher, J. Am. Chem. Soc., 83, 4385 (1901). 
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n.clf e,M, ,o ethyl™, at AoO-SIO" in n Don ,,-eien, 

ttWUn'^S 3 ' 'I'" 1 ,'- ,nd d «kj'-»'*»'<0S«her «,U, 
tion) the U ‘ th uItravio,ct •mwlration (mercury photosensitiza- 

T 7 tUOn PrCH, ' ,efa ° rC et, ‘y^*bne. n-butylsilane, and 
to eve tJa * r S ‘ ep *“ C *' Itii,ions of «»n be effected thermally 
for Zr ^v ° f ih ° tyj * RR ' SlH ‘- 8mcc h * h ' r temperature ,s required 

the h, ?* °" of thc sw?on ' 1 hydrogen atom «® It has been concluded that 
noI«i , r . m ° leCular wcl P' lt of ' ‘he olefin, the more readdv it undergoes 
ES I Wi ‘ h * ihne Thus ''^butylene gives mainly tetra- 

KSSKS- ,00 °- * hfc ' hi <% monoethylsilane 

TnVM PrPS ,° nCe of electronegative groups on silicon facilitates addition “» 
cniorosilane reacts much faster than methyldiehlorosikne,* 47 -** 7 
ereas trialkylsilanes and tnalkoij-silancs react very slow ]y, if at all *”.»> 

. * rc I >ortod reactivities of silanes seem to vary widely. For example, 
ill* * re ? a « tricthox y 8iIanc •'* unreaetive toward 1-octene with peroxides or 
.r aV 0 et radiation* 1 * and methyldi-a-propyNdane gives almost no 
uct with 1 -pentene under similar conditions,* 47 methyl dicthoxysilane 
0 _ rC ^° rfc< | to S' re a 79% yield of adduct with n • h eptafl uoropropyle t hylene 
ult U . raT *°k* 'rr®diation for 3 days*®* In additions to cycloolefins, 
mviolet irradiation gives higher yields with tribromosilane than with 
C ‘ oros *l®ne.*«*.**® Similarly, alkyl dibromosilanes appeared to be more 
inUia'f 6 *' ian dichlorosilanes with either ultraviolet or peroxide 

Except for the presence of interfering functional groups such as hydroxyl 
°\ am ' ,no ' there appear to be no limitations on the nature of the olefins to 

* ich silanes can be added. Silanes have been added to ethylene, 
e rafluoroethylene, tetramethylethylene, methyl oleate, cyclohexene, 

P-pmene, acrolein diethyl acetal, and a host of other olefins. Not all 
nes will add to every olefin, however. Triphenylsilane, which gives 
good yields of adducts with straight-chain alkenes, does not add to 
cyclohexene. 290 .* 9 ! Allyl chloride reacts with trichlorosdane to give the 

• adduct in 20% yield,* 4 * but with phenylsilane complex products only 
afe °htained.* ?a With readily polymerizable olefins, there is often a 
e naency to telomer formation, and this may be sufficient in certain 

J Wolfs and Cook, U S. pat 2,766,882 (C A . 51, 1J904 (1957)] 
oeyferth and Roebow, J Org Chm , 20, 250 (1955) 

Topehiov, and Charayakava. Proc. Acad Sc USSR, Chtm Sect (Engl 
«), 111, 767 (1956) 

Topchiov.Nametkm, and Solovova. Dotladg Akod NavkSSSR, 86, 965 (1952)[C.^ , 

™<*1 (1953)] 
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instances (e.g., styrene) to preclude the isolation of 1 : 1 adducts. Various 
statements can he found in the literature regarding the relationship of 
structure to reactivity. The following order of relative velocities of 
trichlorosilane addition (at 280°) to a series of substituted ethylenes 
suggests no strong steric influence: CH 2 =CH 2 < (CH 3 ) 2 C=CH 2 < 
CH 3 CH=CH 2 < C 2 H 5 CH=CH 2 < CH,CH=CHCH, < (CH 3 ) 2 C=CHCH 3 
< (CH 3 ) 2 C==C(CH 3 ) 2 . 292 

In additions to a series of olefins of the structure ^SiCH 2 CH=-CH 2 , 
electronegative groups on silicon (X = C 6 H 5 or Cl) are reported to activate 
the double bond. 29 *' Also, when X is an alkyl group, the activity of the 
double bond increases with increasing size of the substituent. 

A surprising lack of reactivity has been noted with perfluoropropylene, 
which readily undergoes free radical additions of thiols, hydrogen bromide, 
etc., but gives only traces of adduct with trichlorosilane in the presence of 
peroxides or ultraviolet radiation. 266 Prolonged heating at 180° gave no 
adduct, 290 while at 200-300° a 14% yield of adduct was obtained. 279 
Other fluorinated olefins, including tetrafiuoroethylene, 3,3,3-trifluoro- 
propene, and 2,3,3,4,4,4-hexafluoro-l-butene are quite reactive and give 

adducts in high yield. 266 . 269 No reaction occurs between phenylsilane 
and allyl cyanide or allylmercaptotrimethylsilane when 2-butyl perbenzoate 
is used as catalyst. 278 Under the same conditions, allyl alcohol and allyl- 
amine give only complex products, presumably because of interaction of the 
® hydrogen atoms with the hydroxyl or amino groups. Protection 
of the hydroxyl group of allyl alcohol by a trimethylsilyl group permits 
the reaction to proceed normally. 

Reaction, of silanes with chloroethylenes frequently results in the forma- 
tion of vinylsilanes rather than saturated 1:1 adducts. 294 - 296 This is 
especially true at higher temperatures, although mixtures of the saturated 
a duct and the vinylsilane sometimes result from peroxide- or ultraviolet- 
initiated reactions at moderate temperatures. 297 At 500-600°, the sole 
product of reaction between trichlorosilane and tetrachloroethylene is 
tn chloro vi nyl tri chlorosilane (72), while at 125° with peroxide initiators 
t le pro uct is a mixture of 72 (12.6 parts) and 1,1,2,2-tetrachloroethyl 
trichlorosilane (73) (4.7 parts). 297 


CL)SiCCl=CCl 2 Cl 3 SiCCl 2 CHCI 2 

72 73 

R ° man0 '“' and CW LUty. 52, 040 (1958) [C.A., 52, 43615 

h S* Va ’ Qnd Durgar ’ you - JVoc - * rf - USSB ' CTtM ' 

»* Midland Silicone*. Ltd.. Brit. pat. 737.963 [C.A.. SO. 10700 (1936)). 

"\ erC “" d H ! Um f’ • f/ n ' Chm - So-... 74, 3895 (1952). 

’*’ McTeeT Roberta'Tnd Puc^t^r' fT “'ct CW ^ ^ ^ 

-rckhaucr, J. Am. Chtm. Soc., 79, 2326 (1957). 
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The formation of these unsaturated products occurs not as a result of 
dehydrohalogenation of the 1 . 1 adduct, but through ^-elimination of a 
halogen atom from the intermediate radical. 295 A method for preparing 

RjSiCCljCClj — I^SiCCl^CClj, + Cl 

vinylsilanes consists in passing a mixture of the appropriate silane and 
vinyl chloride through a quartz tube at 550-600° 2?s In this way, vinyl- 
trichlorosilane was obtained in 53% yield from trichlorosilane and methyl- 
vinyldichlorosilane in 59% yield from methyldichlorosilane. 

Another example of what is apparently a jS-elimination occurs m 
the thermal reaction between trichlorosilane and 2,4,4-trimethyl-I- 
pontene. 292 . 299 

HSiC 1 3 +CH,*C(CH J )CH,C{CH 3 ) s ^>Cl 3 S.CH J C{CH,)=CH l + (CH,) a CH 

The addition of trichlorosilane to /J-pinene 299-302 proceeds with carbon 
skeleton rearrangement in a manner entirely analogous to that observed 
in the addition of chloroform. 303 The resultant 1.1 adduct has the 
structure 74. 303 In the presence of a large excess of trichlorosilane and 



undex prolonged ultraviolet irradiation, a second molecule of the silane 
adds to give the adduct 75 

Comparison with Other Methods 

A number of different methods are available for the formation of 
silicon-carbon bonds. The most important are (1) the reaction of 
Grignard reagents or other organometallics with halosilanes or alkoxy* 
silanes, (2) the direct synthesis from silicon and alkyl or aryl halides, 
(3) the Wurtz-Fittig condensation of silicon halides w ith organic halides, 
and (4) the metal and metal salt-catalyzed additions of silanes to alkenes 

,M Flundderaann, U.S pal. [C A., iS. BIOS (1»31)J 

*’• ColdbUtt and OUroyd, U.S. pat. 5.S33.3M (C.X . <3, SZtS (1431)]. 

*• FrainnH. Bull Sot Cktm. Fro-xtt. I8S3, 

FramOft and Com pi End . MO, S03 (I#SS>. 

*•* C<J»* and Fnuniv»t. Com pi End , 243, 393 
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and alkynes. These and other methods are treated at some length by 
other authors. 301 

From the standpoint of its relationship to the work discussed above, the 
metal- and metal salt-catalyzed addition of silanes to unsaturates warrants 
some additional comment. The most commonly used metal and metal 
salt catalysts are platinum on charcoal or on y-alumina, chloroplatinic 
acid, potassium chloroplatinate, or palladium. Kuthenium chloride, 
osmium tetroxide on carbon, and several other compounds of these 
elements have also been used. This method overlaps the free radical- 
catalyzed reaction to a considerable extent, and it frequently affords 
improved yields of product. This is especially true for additions to 
acetylenes. 283 - 281 1-Hexyne gives a 36% yield of adduct with trichloro- 
silane in the peroxide-initiated reaction, but a 93% yield with a platinum- 
on-charcoal catalyst. Phenylacetylene fails to give any adduct with 
peroxide but gives an 82% yield with the platinum-on-carbon catalyst. 283 
These catalysts permit the preparation of simple adducts from readily 
polymerizable olefins such as styrene or acrylonitrile, a feat either difficult 
or impossible under free radical conditions. 305 Despite the considerable 
overlap between these two methods, there exist certain differences of 
important synthetic consequence: 


(i) Whereas the free radical-catalyzed additions are almost never 
accompanied by rearrangement, this is not true for the ionic (metal- or 
salt-catalyzed) additions. The ionic additions of trichlorosilane and of 
methyldichlorosilane to 3-heptene and 2-pentene give the w-heptyl and 
n-pentyl adducts exclusively. 305 - 300 

(u) Additions of silanes to acetylenes proceed stereoselectively to give 
the traiw-olefin with free radical catalysts and the cw-olefin with ionic 
catalysts. 283 - 285 

(ni) With butadiene, metal-catalyzed addition yields the 1,4 adduct, 307 
while the thermal (free radical) reaction gives the 1,2 adduct. 258 


The use of platinum catalysts with perhalogenated olefins is reported to 
result in explosions on occasion. 308 Hence due caution should be observed 
with such systems. 

A variety of other catalysts have been used with varying degrees of 
success for the addition of silanes to unsatu rates. Among these should 
be mentioned amines such as triethylamine, pyridine, and piperidine.*' 00 


B ° """l ' ° r ? ano,nl ' con Compounds, Academic Press, Inc., New York, 1960. 
kP-ner, Webster, and Barnes, .7. Am. Chan. Hoc., 70, 974 (1957). 
and S I w, '* r - J ■ Am - Chan. Hoc., 80, 4104 (1958). 

’ 1 :r ■ U - S - pat - 2 - 037 - 738 r C.A., 48, 8254 (1954)). 

so. v- ami , nt ' D>Ck ”’ Dumn ‘ re " Br ''l Butler, J. Am. Chan. Soc., 79, 6536 (1957). 
. ozakura, Bull. Chan. Hoc. Japan, 29, 322, 326, 784 (1956). 
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Experimental Conditions 

The experimental conditions for effecting the free radical addition of 
silanes to olefins are usual!}' simple and straightforward The silane and 
olefin are mixed, the initiator (peroxide or azo) added, and the mixture 
heated or, alternatively, the mixture is irradiated with ultraviolet or 
ionizing radiation. Solvents are rarely used, excess of the silane generally 
serving this function With olefins that are susceptible to telomerization 
a large excess of the silane is necessary to obtain good yields of the 1 . 1 
adducts It is sometimes advantageous to add a mixture of the olefin 
end initiator to the heated silane, especially if the silane contains more than 
one hydrogen atom and the monoadduct is desired. s,s A favorable 
attribute of this system, as of free radical-initiated additions in general, is 
the simplicity of isolation of the product Fractional distillation is 
usually all that is required. 

ADDITION OF GERMANES TO OLEFINS 

Additions of germanes to olefins are analogous to the additions of 
silanes. However, the germane reaction has been studied less extensively. 
The examples reported include additions of trichlorogermane, tnalkyl- 
germanes, and triphenylgermane to various olefins. The reaction is 
apparently free radical in nature, since telomers are sometimes formed, 310 
and initiation by peroxides or ultraviolet light is frequently required. 010-31 * 
Evidence has recently been presented that organotin hydrides, which in 
contrast to silanes and germanes had been considered to undergo solely 
ionic addition to olefins, 313 ' 31 * do add by a free radical process. 30 

Germanes are more reactive than the corresponding silanes in free 
radical additions. Thus, in the absence of initiators, temperatures in the 
range 160-400° are required to effect the addition of silanes to olefins, 033 
while trichlorogermane adds exothermally to various olefins at room 
temperature, 015 and trialkylgermanes add to acrylonitrile and to acrylate 
esters at the reflux temperature. The difference in reactivity is illustrated 
further by the observation that triphenylgermane adds to triphenyl* 
aljylgermane in 85% yield under peroxide initiation, whereas triphenyl- 
silane fails to add under similar conditions 0,1 
•“ L**bre and Satj*. Cam pi Rmi . 247, 471 (1938). 

•“ Gilman and Cerow, J. Am Chcm. Sac., 79. 342 (1*3#). 

linn and Gilman, J. Or }. Ckrm . 22, 094 (1*37). 

*1 Van der Keek. Luijten, and Nolle*. CAem 4- Ini (London). 1954, **8 
•II Fucha and Oilman. J. On}. Ckem . 22. 100* (1937). 

«» Feirov.Mironor.andDihimnekaya. Pm. Ani.Sn. USSR.Ckrm Sect ( Enjl Tranot.) 

128. 739 (1939) 
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Triphenj Igermane fails to add to 1,1-diphenylethylene with peroxide 
or u ra\io et initiation, and in its reaction with cvclohexene some 
^aphenylgermane 314 is formed in addition to the 1:1 adduct. 
i . - ex perimental conditions for reaction of germanes with olefins can 
e in erre rom those of the silanes, bearing in mind the generally greater 

reactivity of the germanes. D 


RADICAL ADDITION'S 

TO FORM PHOSPHORUS-CARBON BONDS’ 


Compounds Containing P — H Bonds 


t * n '° af J^ition to olefins of a variety of phosphorus com- 

con ainmji P H bonds is a general reaction. Examples 


pounds containing p 
involving phosphine, 316 


318 


”''+*■***> is a, general reaction. 
substituted phosphines, 318 * 319 phosphorous acid 

i i . . 


P — H 4- C- 


i i 

P— C— CH 


rcnnrf^i a ut. , pft0o T hlmc ac,d derivatives [RPH(0)0R] 324 have been 

it seems port • n ° ext€nsive studies of mechanism have been made, 

written her ^ & reactl0ns occur by a radical chain mechanism, 

vntten here for addition of a dialkyl phosphite. 314 * 334 

in this scheme, the (RO) 2 OP- radical is the adding species, and, in the 


(RO) 2 OPH 


Initiator 


(RO) 2 OP* 


(RO)jOP- 4- C=C- 


(PvO) 2 OPC— c- 


II j I 

Radical additUn/haw" rea f. t,0ns ’ 5onio anrJ ra/Jical, have been renewed by Crofts. 51 ’ 

x v. deZLVrT^Vr "“" ins (ref - p- 341 >- 

515 Stile, Bust anr , v ' • Br,t - P 3t - ^73.451 [C.A., 47, 5426 (1953)]. 

518 Kaubut Currier S ' J ' A ™' So-.., 74, 3282 (1952). 

Arbuzov, VinokuroraandPerfi?'**™?’' 7 ' ^ CW> 26, 3138 (19G1) ' 

127,657 (1959). 1 Pcrfil era, Pro-.. A cnd.Sci. USSR, Chem. Seel. (Engl. Tram!.). 

::: 2^ n > ** <»•».. 25 , 6 65 

OnfTin and Welt,, j. Ory. Chrm., U i0t9 

... Seeks* f » 

551 stile. Vaashan, and °^' CW ’ ^ 1009 (I9C0) ' 

555 Rittlc and Jov-- r s . A • CT ‘ er ' 1 ' 80 * 414 (1958). 

I;! un ; J Hamilton.^/ . ™ 

t:t X. V. d^BaCf [C ' 1 " 50 ’ ]0124 fl936 «- 

55 ’ Croft,, Oacr,. Tier. (Won)! [C ^" 4S ’ (1S52)3 ' 
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(HOJjOPC— C + (RO).OPH - 

I I 

II 1 I 
<no),orc— o 
I I 

j i i 


»■ (RO),OPC — CH f (RO)jOP 

I I 


I I 


I I I I 

(ROJ.OPC— C— C— CH 4- (RO)-OP 

I I I I 


products whose structures have been determined, the phosphorus atom is 
found on the carbon atom ordinarily attacked by radicals Reversibility 
in the addition step has been demonstrated in the additions of phenyl- 
phosphine, 2-cyanoethj-Ipho«phine, and di-n-butylphosphine to cis-2- 
butene 330 Other aspects of the mechanism and stereochemistry have not 
been investigated. 

Reactions of phosphine and substituted phosphines with olefins have 
been initiated by ultraviolet radiation, x-radiation, peroxides, and azo 
catalysts. Additions of phosphine have been earned out with terminal, 
internal, and cyclic olefins. With terminal olefins, all the P — H bonds 
can participate. Thus from 1-octene, octyl (0-75%), dioctyl (0-39%), 
and trioctyl (4-100%) phosphine are formed, the relative yields depending 
on the ratio of starting materials.* 1 * 

PH, + CII,=CHC 4 H 13 -n * n-C f H„I , H l + (n-C,H„),PH + (n C,H„),P 

With isobutylene and cyclohexene, stenc problems arise in the addition 
of the third molecule of olefin, so that tnisobutylphosphine is formed in 
low yield and tricyclohexylphosphine not at all, even though good yields 
of the mono- and di-adducts are formed With easily polymerizable 
olefins, eg., styrene and ethyl acrylate, conversions in good yield to 
the mono-, di-, and tri-adducts are accompanied by relatively small 
amounts of telomerization This indicates that chain transfer on the 
P — H bonds of phosphines occurs readily. The major product from the 
ultraviolet-initiated reaction with allyl chloride is a hard insoluble 
phosphorus-containing polymer. 317 Phosphine has been added to several 
fluoroolefins at 1 50° without added catalysts 3,1 From tetrafluoroethvlene 
a mono- and a di-adduct are obtained in addition to tetrafluoroethylene 
PH, + CF^=CF, — CHFjCF,PH, + (CHF,CF,),PH + H,PCF,CF,PH, 
diphosphine. It is not clear whether or not these are free radical reactions. 


u ° Pellon, J. Am Chem Si c , 83, 1915 (1MI). 

111 Parahall, England, and Lrndaey, J Am CAem Soc , 81, 4801 
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1 ° n0 ' and dl - su bstituted phosphines have been used to prepare 
unsymmetrical secondary and tertiary phosphines; 318 for example, 
-cyanoethylphosphine and 1-octene form monooctyl- and dioctyl-2- 
cyanoethylphosphine . 

CNCH 2 CH 2 PH 2 + CH 2 =CHC c Hj 3 -n — 

CNCH 2 CH 2 PHC 8 H 17 -n + CNCH 2 CH 2 P(C e H 17 -n) 2 
I-, ' ^ b os Pbme reacts with butadiene via 1,4 addition to form 

j rails mtenylphosphine and a small amount of a 2:1 adduct 
whose structure has not been determined. 

(C 4 H 9 ) 2 PH + CH 2 =CHCH=CH 2 -y (C 4 H 9 ) 2 PCH 2 CH=CHCH 3 + 2:1 adduct 

9 pvt bnolar amounts of 2-cj-anoethylphosphine and 1-heptyne form 

onlv T* y " bl ' s '^ 1 ' he P ten y 1 )P h °sphinc in a 26% yield accompanied by 
y trace of the intermediate monoadduct. 318 Bis-(2-cyanoethyl)- 
CNCH 2 CH 2 PH 2 + HC=CC s H u .n - 

CNCH 2 CH 2 P(CH=CHC 5 H u -n ) 2 + CNCH 2 CH 2 PHCH=CHC s H u -» 

ar h e 0 nrodu e eS7 8 a ," ldduct wj th 1-heptyne. In neither of these cases 
unsaturated adducte. ° fr ° m fUrther addition of Phosphine to the 

have give^^lds^ofTs-^S^ 1 ^!*- 1 !^ 3 !^^ addition5 of phosphorous acid 
products Vinin i • v. /o of l . 1 adducts (phosphonic acids), the major 

cases e b 1 , 8 ” gher i t f 1 lomers or polymers of the olefin. 320 - 321 In several 
isolated and " exene > an d 1-decene, the 2:1 adducts have been 

head-to-tail ^ ^ "” Wn * a 

HP(0)(0H) 2 + CH 2 =CHC 4 H 0 -n 1,cfoitld< t 

n-C 4 H 9 

n - c oHi 3 P(0)(OH) 2 + ' N 'CHCH 2 P(0)(0H) 2 

/ 

terminal oSm Ctlf ° f a ^ ueous hypophosphorous acid to 
yields up to 40°/ °2o , d P re P are dialkylphosphinic acids in 

tions of sndiiirv, i?" , ’ 1 acl ducts were reported. Analogous addi- 

1:1 adduct 8 . 3 «. 328 '^ 2 0p 0Sphlte have been reported to give high yields of 

p . . . H2 . P(0 ^ 0H + CH 2=CHE — (RCH 2 CH 2 ) 2 P(0)0H 
and the Lj'umili rf'fjl""' !'!■ “ ph °*I> I,i ™ «*». C s H 5 PH(0)0C,H,. 

” Sm ‘ th ’ U ‘ S - Pat - 2 ' 648 ' 695 I 0 -*., 48, 8252 (1954)]. 
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Of all the additions of compounds containing P — H bonds, those 
involving dialkyl phosphites to give dialkylphosphonates have received 
the most attention. They have been initiated with peroxides, azomtnles, 
and ultraviolet radiation. The ratio of reactants affects both the rate of 

HP<0)(OR) a + CHj=CHR — RCH 2 CH 2 P(0)(0R) 2 

the reaction and the composition of the product 324 A high concentration 
of the dialkyl phosphite results in a long kinetic chain and a predominance 
of the 1 . 1 adduct, while a high concentration of the olefin shortens the 
chain length and results in greater proportions of higher telomers 333 The 
effect of high olefin concentration on the rate indicates that the olefin is 
actually an inhibitor of the addition reaction The mechanism for this 
inhibition no doubt involves abstraction of allyhc hydrogen by the inter- 
mediate radical resulting in the formation of a stable allylic radical, thus 
effectively interrupting the kinetic chain Both effects of high olefin 
concentration, i e , telomenzation and hydrogen abstraction, are attribut- 
able to relatively low chain transfer constants for dialkyl phosphites 324 
Similar arguments have been applied to correlate the results in phosphorous 
acid additions 32 °. 321 

Both terminal and internal olefins readily undergo radical addition of 
dialkyl phosphites 334 Ethylene and tetrafluoroethylene yield telomers 
with dialkyl phosphites, the length of the carbon chain depending on the 
olefin pressure employed, 335 . 33 *. 333 Additions to terminal olefins form 
1:1 adducts with the phosphorus atom attached to the terminal carbon. 
The additions of diethyl phosphite to 2 hexene and 2-heptene are reported 
to proceed at a lower rate than the corresponding additions to terminal 
olefins, and to yield a single 1 • 1 adduct with phosphorus in the 2 position 
in each case 337 

In the one example of the addition of a dialkyl phosphite to an «,/?- 
unsaturated ester reported, both 1 : 1 adducts were found. 327 . 333 This 
result is surprising, since in other radical additions to a,/9-unsaturated 

CH, 

I 

(n-C.H.OljPfOJCHCHjCOjCjH, 
CjHj 

I 

(n C < H ( 0) 2 P(0)CHC0 2 C 2 H s 

*“ Pn«, M> era, uid Jonoen ,J. Am. Chcm Noe., 77, *225 (1955). 

Ml Sasin, Oloxawoki, BuuelL and S»em, J Am Chtm Soc , 81. 6275 (1959) 

Kanfotd Kid Joyce. O 8. pel. 2.VJS.3901C A . «. UW (19MJJ 
'•* Brace, J. Org CKem , 28, 3197 (1961) 

**’ Pudovik and Konovalova, J. Qen. Chem. USSR 


(»-C 4 H # 0)j(0)PH 
+ch s ch=chco 2 c,h 5 - 




• 0 , 29 . 2305 ( 1959 ). 
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esters (c.g., tire addition of phosphine to methyl acrylate) only ^-sub- 
stituted esters have been reported. Base-catalyzed additions of com- 
poun s containing P H bonds to a,/3-unsaturated carbonyl compounds 
an mtri es ha\ e been studied extensively, 329 but apparently no compara- 
tive study of the two methods has been made. Both a base-catalyzed 

an a ree radical addition of diethyl phosphite to vinyl acetate have 
been realized. 338 

XaOC,H c 

— CH 3 C0 2 CH(CH 3 )P(0)(0C 2 H 5 ) 2 


CH 3 CO,CH=CH„ 


+HP(0)(0C 2 Ii 5 ) 2 


Peroxide 


* CH 3 C0 2 CH 2 CH 2 P(0)(0C 2 H 5 ) 2 
tempts to add dialkyl phosphites to unactivated double bonds 
«. ^ w * 4b ac ‘ c ^ an< ^ base catalysts have been unsuccessful. 337 

> mil ar y, he addition of phosphorous acid to terminal olefins did not 
cur thermally or under aeid catalysis. 32 ! It thus appears that, in 

ST ° f thi ° l3 ’ 14 is not P° ssib]e *0 add compounds con- 
mr > . ° n 8 to una ctivated olefins except by a radical procedure, 
lenes ' C V ° n ° s4u4bes °P additions of dialkyl phosphites to acety- 

nhoronc n P crox *de-initiated additions of esters of thiophos- 

reacti i been re P or ted. 339 These esters are apparently more 

reactive in additions than their oxygen counterparts. 

HP(S)(OR) 2 + CH 2 =CHC 0 H I3 -n — n-C 8 H 17 P(S)(OR) 2 

Other Phosphorus Compounds 

I :f SZSTTfi addition of phosphorus trichloride to olefins giving 
reported in 1 nan y. 'S ber ' boilin g materials of undetermined nature was 
chain mech an • ^ ibara sch, Jensen, and Urry. 3 ™ A typical free radical 
chain mechanism in which the dichlorophosphine radical is the adding 

Peroxide 


RCH=CH 2 + PC1 3 - 


-> RCHCiCH 2 PC] 2 


species was proposed. 

PC1 3 - P C ] 2 . + ci- 
PC1 2 - + RCH=CH 2 RCHCH 2 PC1 2 
RCHCH 2 PC1 2 + PC1 3 - RCHC1CH 2 PC1„ + PC1 2 - 
l>ere has apparently been no further study of this reaction. 

338 5^1 TaTch SoC ull' 1961 (19S7) - 

~ Kharasch, JeMen . an* ^ ”” (1960, ‘ 
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Somewhat related to the foregoing reaction is the oxidative chlorophos- 
phonation of olefins by oxygen and phosphorus trichloride M1 -M2 From 
2-butene, 2-c!dorobutyl-3 phosphome diehloride nos obtained, presum- 
ably by the radical addition of the elements of Cl and POCI 2 With 
1-butene both 1.1 adducts were former! in addition to 2-ch loro but\ 1-3- 
riijciia-c/icif, * I’cij - o, - cn } ci{cicH(Ci{ 3 iroct, 
phosphome diehloride The last product could arise from a radical 
011,011,(11—011, + PCI, -I «, — CU.CII.CHCICH.POCI, 

+ cir,cH,cii(CTi,ct)roa 1 +- cH,cH{P0ci,)cncicH, 
substitution by the P0C1, radical at the alii he position followed by ionic 
addition of hydrogen chloride. Further work is needed to define the 
mechanism of this reaction. An attempt to achieve the addition of 
diethyl phosphorochfondafe. (C t lf s O) 2 P(0)Cl, to 1-octene by a free radical 
procedure was unsuccessful *** Tlie additions of phosplionispentachloride 
to olefins are presumably ionic rcnctions 

Free radical-induced reactions of alkyl and aryl dihalophosphmes with 
olefins and dienes result largely in the formation of copolymers, in some 
cases (especially with dienes) approaching a 1:1 composition Ma_S4 * 
Isoprene and phenyldichlorophosphine furnish a 1 : 1 copolymer in 45% 
yield. This reaction does not involve scission of P — Cl bonds followed by 



addition to the olefin, but rather is apparently analogous to the radical 
copolymerization of sulfur dioxide With olefins. 

White phosphorus reacts with oxygen and olefins in benzene solution by 
a radical chain process to form products w ith the approximate composition 
(olefin -PjO,).* 17 On the basis of hydrolysis studies these materials have 
been assigned a polymeric anhydride structure in which one phosphorus 
atom is bound to carbon in a phosphonic anhydride function and the other 
is linked to carbon through oxygen and is in the phosphite oxidation 
*" Zinov'ev and Soborovekil, J Otn Own. USSR, [Engl. Trow! ). 29, 611 (1959) 

IH SoborovekiT, Zmoev’ev, and Mulor, Dot: lady Akad NaukSSSR, 109, 98 (1956) [C A , 51* 
1825 (1957)) 

*** McCormack, U S pat 2,671,077 [C.A^ 49. 6737 (1954)] 

McCormack, U S pat 2,871,079 [C A . 48, 6738 (1954)] 

McCormack, U S pat 2.671,078 [C A , 48. 6738 (1954)) 

111 McCormack, Roachona of ZHeneo with Phoophorue Compound*. Gordon Research 
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level; for example, structure 76 has been proposed for the product from 
cyclohexene. The reaction is apparently general and the yields high 


/X/P\ 

0 

1 

\AoK 

76 

(70-100%). With 1-octene and olefins of higher molecular weight, 
further oxidation leads to products approaching the composition (olefin 
■P^Og)- 

Experimental Conditions 

The usual free radical initiators, e.g., peroxides, azonitriles, and ultra- 
violet radiation, are effective. In order to attain maximum yields of 
1:1 adducts, a 1.5-fold or larger excess of the phosphorus compound is 
desirable. The peroxide-initiated reactions of dialkyl phosphites 338 and 
phosphonates 322 have generally been carried out without solvents in 
sealed Pyrex tubes or metal autoclaves at the decomposition temperatures 
of the initiators. Open vessels can be used with high-boiling reactants. 324 
In ultraviolet experiments, temperatures ranging from room temperature 
to 100 have been used. 337 In ultraviolet-initiated reactions with phos- 
phine, the reactants are manipulated in a vacuum train, sealed in tubes, 
and irradiated at approximately room temperature. 317 Peroxide- and 
azomtrile-imtiated additions of phosphine have been done in heptane 
solution in stainless steel autoclaves. 313 The peroxide-initiated additions 
of phosphorous 321 and hypophosphorous acids 326 have been carried out in 
aqueous solution. 


RADICAL ADDITIONS 
TO FORM CARBON-NITROGEN BONDS 

The most important additions to olefins of radicals bearing the odd 
e et'lron onnitrogen are the additions of dinitrogen tetroxide and nitryl 
chloride. Possibly the reactions of dinitrogen trioxide with olefins are 
omolytic, but the present evidence suggests that dinitrogen pentoxide 
reacts iomcally®« as does nitrosyl chloride generally. A recent paper 
indicates, however, that the addition of nitrosyl chloride to fluorinated 

3*’ ® hechter and Ley, Chem. <t- I ml. (London), 1955, 535. 

Stevens and Emmons, J. Am. Chem. Soc., 79, 6008 (1957). 
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olefins is a free radical process 339 Very few additions of ammo radicals 
to oJefimc double bonds have been reported 351 

The reaction of dimtrogcn tetroxide with olefins and acetylenes has 
been studied for many years, but it was not until the studies of Levy, 
Scaife, and co-w orkers 332- * 54 in the 1910's that control of the reaction to 
give isolable products in good yield was accomplished. The earlier work 
generally resulted in the formation of unstable solids or oils from which 
the isolation of pure compounds was difficult or impossible The reports 
of this early work are often conflicting, confuted by questions of the nature 
and purity of the nitrogen oxides used and by lack of consistent nomen- 
clature Also, because of the unstable nature of many of the products, 
the analyses are frequently open to question and hence many of the inter- 
pretations and conclusions must be considered questionable Riebsomer 355 
has reviewed the reactions of dimtrogcn tetroxide up to 1945 In view 
of the existence of this review and tho points noted regarding the older 
literature on this subject, the discussion and tabulation which follow deal 
only with work appearing since 1945 

By contrast, practically all the studies of the additions of nitryl chloride 
are recent, and the customary attempt at complete coverage has been 
made. Discussion of the related dinitrogen tetroxide- halogen systems is 
included with that of nitryl chloride 

Dinltrogen Tetroxide 

Mechanism. The studies of Levy and co-workers 352-334 showed that 
under properly controlled conditions the only products resulting from 
reaction of dinitrogen tetroxide with olefins are the licinal dinitroalkane 
and nitro-nitrite, and that with unsymmetrical olefins the nitro group in 
the nitro-nitrite is always found on the carbon atom bearing the greater 
number of hydrogen atoms In practice the products isolated are the 
dinitroalkane, the nitroalcohol, and some nitro- nit rate. The latter two 
products arise from hydrolysis and oxidation, respectively, of the nitro- 
lutnte. These observations were rationalized by the assumption of a 
RCH=CH, + N,0, -*RCH(NO,)CH,NO, + RCH(OJJO)CH,NO, 
heterolytic cleavage of the tetroxide to N0^N0 2 - and subsequent addition 
More recent studies of the reaction, however, support a free radical 

•s° p, r l,, stefini, and Lacher ,J Org CAem , 26, 4011 (19*1). 

*M Albieetti at ai . J Am CAem Sec . 81. 1489 (1959) 

•*« Levy and Scaife. J. CAem Bee , 1948, 1093, 1096, 1100 
*■» Levy. Scaife, and Wilder Smith, J Chcm. Sec , 1948, 32 
•“ Levy and Rose, Quart Rn (London), 1, 35* (1948) 

»«■ Riebeomer, Chcm Re« , SB. 1*1 (1945). 
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mechanism initiated by a liomoiytic dissociation of the dinitrogen 
tetroxide. 


Chain process: 


X 2 0 4 - 2X0 2 - 

NO, + RCH— CH 2 — RCHCH 2 X0 2 


rchch 2 xo„ X 2 0„ 
Non-chain process: 


RCH(N0 2 )CH 2 NO, or 

RCH(ONO)CH 2 N0 2 + -NO, 


RCHCH 2 X0 2 + (OXO <-> OXO) - RCH(X0 2 )CH 2 X0 2 or 

RCH(OXO)CH 2 X0 2 


There is at present no evidence permitting a decision between the chain 
and non-chain processes. The principal evidence for the free radical 
nature of the addition can be summarized as follows: (1) The orientation 
m addition to unsymmetrical olefins is always specific and is not altered 
by the electronic character of substituents on the unsaturate. 356 (2) In 
the addition of dinitrogen tetroxide to methyl acrylate, there is formed, 
a ong wit the expected dinitro adduct and nitro -nitrite, an appreciable 
amount of nitrogen-containing polymer. (3) In the presence of such well- 
Jmown chain transfer agents as bromotrichloromcthanc, 357 . 355 bromo- 
orm, or iodine,' a formation of the normal adducts is suppressed, and 
the products obtained arc those expected from interaction of a fl-nitroalkyl 
radical with the transfer agent. 

lie addition of dinitrogen tetroxide exhibits stereoselectivity with a 
number of olefins. Cyclohexcne and cyclopentene give both cis- and 
«7o7‘ mtr °' rutnte adduots > the tram isomers predominating (58% and 
./°’ respectively). 1-Methylcyclohexene yields trans-l-methyl-2- 
ni rocycoiexy nitrite exclusively. 356 Similarly 9,10-octalin gives only 
runs , - initrodecalin, and the major attack on norbornylene occurs in 

an czo-ci* direction. 36 ! (See equation on p. 227.) 

. e rnos t thoroughly investigated olefin from a stereochemical view- 
P is sti e ne. ciVStilbene is converted to tram-stilbone under the 
ion con itions used. Addition to Ircow-stilbene gives mixtures of 
meso an - initrodiphenylethane in a 2:3 ratio, and of erythro- and 


::: Ti connd< j - Am - chm - ^ «»o 

». , r Cn8 ’ Ckem - * Jn ' L < Won ). 1856, 400 . 

S I " Stevcne ’ J - Ch * m - Soc., 1958, 029. 

(1954)]. ar38 ni °' a ° nd Tltov ’ Do,;lad l/ Akad. Nauk SSSIt, 91, 1099 (1953) [C.A., 48, 10029 

2 TjTJrt E ~' J - Am - Chem - 8 °. 333 ( 1958 ). 

21, 757 (1900) ° C rS H' st,er l a l* orl » Ohio State University, 1900; Dissertation Abstrs., 
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<Areo- l-hydroTy-2-nitro-l^J-dtphenvlcthano (from the iutro-nitrite after 
hydrolysis) in about a 1:2 ratio, when the reaction is carried out in ether 



in the absence of oxygen.*® 5 - 363 Thus the major isomers are those deriving 
from cis rather than trans addition, and it has been suggested that these 
major isomers ore formed more rapidly because the structure of the 
transition state for reaction of the 2-mtro-l,2-diphenyl-I-ethyI radical 
with the nitrating agent (N,0 4 or NO,), resembles the reactants and 
attack occurs at the greatest rate from the more accessible (i e., cis) 
direction. 342 

Scope and Limitations. There are no apparent restrictions on the 
nature of the olefin which can react with dinitrogen tetroxide to give 
dinitro adducts and mtro nitrites. Additions to terminal and internal 
acyclic olefins, polyhaloethylenes. cyclic olefins, conjugated olefins (e.g , 
styrene and butadiene), and a,/?-unsaturated esters, among others, have 
been recorded. In reaction with fluoroethylenes, only the dinitro adducts 
have been reported 5 ®‘. MS Under forcing conditions, it has been possible 
to form tetranitroalkanes by the addition of dinitrogen tetroxide to 2,3- 
dinitro-2-butene and 3,4.dmitro-3-hexene.“* While additions to disub- 
stituted acetylenes proceed readily, additions to terminal acetylenes are 
not useful because of the unstable nature of the reaction mixtures 36,-365 

The use of oxygen as a earner gas for the dinitrogen tetroxide affects the 
course of the reaction in various ways, according to the olefin being 
nitrated. With simple terminal alkenes, oxygen prevents reduction of di- 
nitrogen tetroxide to dmitrogen trioxide, 3S2 - 351 and thereby permits a 
cleaner product mixture to be obtained The only other apparent effect of 
the oxygen is to increase the amount of mtro-nitrate at the expense of 
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nitro-ni trite. However, with a number of other olefins including cam- 
phene, 370 allybenzene, 371 stilbene 303 and styrene, 359 the use of tetroxide 
and oxygen mixtures results in the formation of products different from 
those obtained in the absence of oxygen. Stilbene reacts with dinitrogen 
tetroxide in ether, in the absence of oxygen to give, after hydrolysis, a 
mixture of l,2-dinitro-l,2-diphenylethane (53%) and l-hydroxy-2-nitro- 
1,2-diphenylethane (23%). In the presence of oxygen, no dinitro adduct 
is found, but there are obtained a 25% yield of l-nitro-2-nitrato-l,2- 
diphenylethane and a 24% yield of a-nitro-a-phenylacetophenone along 
with about 30% of l-hydroxy-2-nitro-l,2-diphenylethane. 363 Similar 
results are observed with the other olefins mentioned. It has been 
suggested that the effect of the oxygen in these instances may be due to its 
reaction with the relatively stable intermediate nitroalkyl radicals to give 
a-nitroperoxy radicals or a-nitroperoxynitrates. 359 > 3C3 

The addition of dinitrogen tetroxide to diethyl maleate, with or without 
solvent, is reported to give both the bis-nitrite and the nitro-nitrite. 3 ' 2 
The formation of the bis-nitrite was inferred from the isolation of tartaric 
acid on hydrolysis. This is the only report of the formation of a bis- 
nitrite. 

Undecylenic acid is claimed to give the 10-nitro-Il-nitrito adduct 
instead of the expected ll-nitro-10-nitrito compound. 373 This appears 
to warrant further investigation. 

Experimental Conditions. The conditions worked out by Levy and 
co-workers 352-351 for the reaction of olefins -with dinitrogen tetroxide and 
the isolation of the products involve the use of pure tetroxide, conversion 
of the unstable nitro-nitrite to the stable nitro alcohol prior to isolation, 
and the use of ether or ester-type solvents which reduce the oxidizing 
activity of the dinitrogen tetroxide. These conditions, which overcame 
many of the difficulties encountered by earlier workers, have been widely 
adopted. Maintaining the temperature below about 25° is usually 
essential, and interference by dinitrogen trioxide (easily formed from di- 
nitrogen tetroxide) can be prevented by adding a small amount of oxygen 
along with the dinitrogen tetroxide. 

In general, the olefins are added slowly to pure dry dinitrogen tetroxide 
or preferably to a concentrated solution of dinitrogen tetroxide in ether or 
ester- type solvents at — 10° to +25°. Under these conditions, addition 
of tetroxide to the double bond occurs to give only the dinitroalkane and 


270 Stevens, Chem. <£■ Ind. (London), 1957, 1546, 

271 Stevens, Chem. & Ind. (London), 1960, 499, 

272 Vasilev and Mikcrin, Sb. Statei Obsch. Khim Ahad. Nauk SSSR, 1, 305 (1953) [C.A-* 
49, 867 (1955)]. 

273 Vasilev, J . Gen. Chem. USSR (Engl. Transl.), 26, 819 (1956). 
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the nitro-nitnte. Some oxidation of the latter to rutro-nitrate occurs m 
the presence of oxygen It is essential to convert the very unstable mtro- 
nitrite to a nitro alcohol by treatment with cold water or methanol, 
before attempting the isolation of the products. Failure to do so almost 
invariably results in violent decomposition of the reaction mixture when 
the solvent is removed 

The choice of solvent is rather critical. The best solvents are ethers, 
such as dioxane, diethyl ether, methylal, tctrahydrofuran, and tetrahydro- 
Pyran, or acetate esters, all of which form molecular addition compounds 
with dimtrogen tetroxide Substituted ethers, with reduced electron 
availability at the oxygen atom (e g , 2,2'-diehIorodiethyl ether), do not 
form molecular complexes with dimtrogen tetroxide 371 and are found to be 
ineffective as solvents for its reaction with olefins 3M The same thing can 
he said for hydrocarbons and chlorinated alkanes, although the latter have 
been used in the reaction of olefins with dinitrogen tetroxide/halogen 
mixtures 375 While low temperatures and the use of an appropriate 
solvent are the normal conditions for successful reaction with most 
olefins, far more vigorous conditions are used with polyhalogenated 
olefins Thus, in the formation of the dinitro adducts from chlorotn- 
fluoroethylene, dichlorodifluoroethylene, and tetrafluoroethylene, mix- 
tures of the olefin and pure dimtrogen tetroxide were heated in sealed 
vessel for several hours at 65° 315 

The importance of using peroxide-free olefins has been stressed by Levy 
for the addition to cyclohexene. 376 The order of mixing the reagents 
affects the relative proportions of the products to some extent Slow 
addition of cyclohexene to an excess of tetroxide in ether gave 42% 
dinitrocyclohexane, 25% nitrocyclohexanol, and 18% mtrocyclohexyl 
nitrate, while addition of tetroxide slowly to a cyclohexene-ether solution 
gave the same products in amounts of 30%, 54%, and 2%, respectively 


Nltryl Chloride and Dinitrogen Tetroxlde-Halogen Mixtures 

Mechanism. The postulation of a free-radical chain mechanism for 
the addition of mtryl chloride to olefins 377 receives support from the 
following observations (1) The orientation of addition is the same 
to both electronegatively and electropositively substituted olefins. 
Terminal addition of a nitro group is observed wuth vinyl bromide 
{to give I-bromo-l-chloro 2 mtroethane), with propylene and other 
terminal olefins, and with acrylonitrile, methyl acrylate, and acrylic 

* 7 ‘ Rubin, Sister, and Shechter, J. Am Chtm Soc , 74, 877 (1952) 

Bachman, Login. Hill, lad Stindish, J Org Chm , 25. 1312 (1980) 

"* Baldock, Levy. »nd Sca.fe, J. Ckem Soc . 1949, 2827 
,1T Shechter, Conrad, Daulton, and Kaplan, J Am Ckem So 


, 74. 3052 (1952) 
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acid. (2) In reaction with methyl acrylate, a 2:1 telomer, of structure 
0 2 NCH„CH(C0 2 CH 3 )CH 2 CHC1C0 2 CH 3 , has been isolated along with the 
1 . 1 adduct. 377 (3) The products obtained in the reaction of nitryl 
chloride with cyclohexene are most readily explained by a free radical 
mechanism. 358 

The principal products from the nitryl chloride-cyclohexene reaction 
are l-chloro-2-nitrocyclohexane and <raws-l,2-dichlorocyclohexane, to- 
gether with 2-chlorocyclohexanol and 2-chlorocyclohexyl nitrate (both 
deriving from 2-chlorocyclohexyl nitrite), and 2-nitroeyclohexanol (deriv- 
mg from 2-nitrocyclohexyl nitrite). These products are in agreement 
with a mechanism wherein initiation occurs mainly by addition of 

•NO, to the double bond followed by transfer with nitryl chloride in either 
of two ways. 



+ -no 2 



+ -Cl 


The formation of 2-chlorocyclohexyl nitrite indicates that some initia- 
on roust occur by chlorine atom addition, followed by transfer on nitryl 
on e ccause initial attack by -N0 2 always involves formation of a 
™,°I 1 ° nl ^ ro 8 cn rather than a carbon-to-oxygen bond. The formation 
° . , 1C ° roc y clohexane could be due to initiation by chlorine atom attack 
i su sequent transfer. However, the dichloro compound might also be 
• ) ' r ' norma ^ heterolytic addition of molecular chlorine which could 

j reaction of chlorine atoms with nitryl chloride. This process is 


Cl- + CIN0 2 — Cl 2 + -N0 2 
chloride^ be imP ° rtant in the h’Sh -temperature decomposition of nitryl 


t has recently been suggested that, whereas nitryl chloride adds by a 
“t® radical mechanism to double bonds with electron-withdrawing 
substituents, it may add ionically as NO+C1- to double bonds with 
ec ron supp ying groups. 375 However, such an assumption does not 
addition ° re ^ U * IC< ^ or< fer to explain all the presents known cases of 


Closely related to nitryl chloride additions are the reactions of olefins 
vi i c mitrogen tetroxide/halogen mixtures. The isolation of / 9 -iodo- 
mtroalkanes m high yield as products of the reaction of dinitrogen tetroxide 
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With olefins in the presence of iodine has been used as evidence for the free 
radical nature of the dinitrogen tetroxide/olefin reaction 360 However, 
recent studies have shown that, whereas haloethylenes and other olefins 
containing electronegative substituents react with K 2 0 4 /X 2 mixtures 
(X 2 = Br 2 or I 2 ) to give ^-halonitroalkanes, other olefins such as ethylene, 
propylene, and 1 -butene, under identical reactions conditions, give only 
l-haloalhyl-2-mtrates S7S ' 378 The latter products are undoubtedly formed 
by an lonio reaction It thus appears that N 2 OJX 2 mixtures can react 
with sitnple non-electronegatively substituted olefins, to give either /?- 
halonitro compounds or l-haIoalkyl-2-nitrates by what are probably 
competing free radical and ionic reactions and that the product formed is 
determined by the conditions chosen for the reaction (see “Experimental 
Conditions,’’ p 232) Of interest, also, is the fact that in the vapor phase 
at 260-275° the reaction of propylene or of 1 -butene with N 2 0 4 /C1 2 gives 
rise to the I-chIoro-2-mtroalkanes along with major amounts of dichloro- 
alkanes. This reaction no doubt is initiated by addition of a chlorine 
atom. In the liquid phase, only dichloroalkanes are formed 

Scope and Limitations. The addition of nitryl chloride to olefins is 
apparently general, and no limitations with respect to the nature of the 
olefin have been noted. There is, however, considerable variation m 
reactivity of olefins with this reagent For example, the reaction with 
■*onyl bromide becomes violent at slightly elevated temperatures, while 
reactions with dichloro-, tnchloro-, and tetrachloro-ethylene have been 
effected at 100° without a solvent. 379 Generally such vigorous conditions 
are neither necessary nor desirable. The principal product is the intro- 
chloroalkane, often mixed with smaller amounts of various other adducts, 
as illustrated above with cyclohexene. 

The structure of the nitrochloroalkane can generally be predicted by 
assuming attack of the -N0 2 radical on the least substituted carbon atom 
of the double bond followed by transfer with nitryl chloride However, 
other products can arise, apparently as a result of initial attack by a 
chlorine atom followed by transfer on the nitryl chloride Thus the 
structures reported for the reaction products from styrene 379 and from 
cinnamic acid, 379 viz , a-mtro-/?-chloroethylbenzcne and a-ch!oro-/?-rutro- 
^-phenylprop ionic acid, respectively could be rationalized on the basis of 
such a mechanism predominating More study of this possibility seems 
called for, especially in view of the importance of an analogous chain 
mechanism in sulfenyl halide additions (See p 204 ) 

There has been little study of the reaction of nitryl chloride w ith acety- 
lenes. The reaction with phenylacetylene was originally reported to 

«> Bwhmann and Logan. J. Org Ckem ,21, 1467 (1956) 

Stainkopf and Kubnel, , 75. 1323 (19*4). Belg pat 4<8.701[CA , 42, 201 (!9«)). 
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yield cc-nitro-/?-chlorostyrene, 379 but recent work indicates that the major 
constituent of the “difficulty separable mixture of products” is a-chloro- 
/?-nitrostyrene. 3G9 The only other acetylene to be treated with nitryl 
chloride is dichloroacetylene reported, without details, to give trichloro- 
nitroethylene. 380 

The principal point to be considered with respect to reactions of di- 
nitrogen tetroxide/halogen mixtures with olefins is the possible competition 
between the ionic reaction leading to halonitrates 378 and the free radical 
reaction leading to halonitroalkanes. 360 - 373 This is discussed more fully 
under Experimental Conditions” below. The free radical reaction has 
been demonstrated for a moderate number of olefins and for a few acety- 
lenes. With electronegatively substituted olefins, there is no inter- 
ference from the ionic reaction under any of the conditions studied, but 
considerable amounts of the »ic-dihaloalkanes are obtained when mixtures 
of dinitrogen tetroxide with either chlorine or bromine are used. With 
iodine, this is not a serious matter, and 50-90% yields of the iodonitro- 
alkanes are easily obtained. The rate of reaction of halogenated ethylenes 
decreases with increasing number of halogen atoms in the olefins. 375 No 
adduct is obtained with tetrachloroethylene in 72 hours. 

With prop 3 dene and 1 -butene, only dichloroalkanes are obtained in 
liquid-phase reactions with dinitrogen tetroxide-chlorine mixtures. 381 

xperimental Conditions. The conditions used in effecting addition 
o mtryl chloride to olefins cover a rather wide range. Solvents are 
generally employed but apparently are not essential in most instances. 

ong t e more effective solvents are chlorinated hydrocarbons, nitro- 
methane, difluorodichloromethane, and diethyl ether. Paraffin-type sol- 
vents are less satisfactory and give lower yields. 382 

In reaction with isobutylene, a 51% yield of adduct is obtained in the 
absence of a solvent, a 20% yield in pentane, and a 64% yield in chloro- 


An unusual influence of solvent on product mixture is found with 
aery onitrile. In the absence of solvent, a 76% yield of a-chloro-/9- 
ropropionitrile is obtained, while in the presence of diethyl ether this 

in 48 y vield' 2 ” 116 ^ ^ ° n ^ yield together with /9-nitroacrylonitrile 

reaction temperatures, in either the presence or absence of solvent, 
vary mostly between about -20° and +20°. The reaction with chlori- 
i n enes appears to require far more vigorous conditions. For 
example, trichloroethylene is heated in a bomb at 100° for 3 hours to 


B ‘ 1 m ' Anorg - Chm - 255, 325 (1948). 
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obtain a 70% yield of adduct 583 By contrast, vinyl bromide reacts so 
rapidly with nitryl chloride that cooling of the reaction mixture 13 
essential S1 * 

The reaction of olefins with mixtures of dinitrogen tetroxide and halogen 
has been shown to proceed in the vapor phase 361 as well as in the liquid 
phase 36 ®> 37 * Propylene and 1-butene react with dinitrogen tetroxide- 
chlorine mixtures at 260-275° and a contact time of a few seconds to give 
low yields of the respecti\e 1 -chloro-2-nitroalkanes together with major 
amounts of the dichloroalkane In the liquid phase at about 0°, only 
dichloroalkanes are formed 381 When bromine or iodine is used instead 
of chlorine, in the liquid phase, /Mialoalkyl nitrates are obtained from ethyl- 
ene and its simple homologs The conditions used involve the addition 
of the olefin to a chloroform or carbon tetrachloride solution of dmitrogen 
tetroxide and halogen, at about 0° 37S Under identical conditions, 
electronegatively substituted olefins, especially the liaioethylenes, react 
with dinitrogen tetroxide-halogen mixtures (even where X 2 = Cl 2 ) to 
give the /Mialonitroalkanes 364 Thus, under this particular set of condi- 
tions, the nature of the product is apparently determined by the structure 
of the olefin However, if a stream of dinitrogen tetroxide in nitrogen is 
passed slowly into an ether solution of an olefin and excess iodine, the 
products are invariably the /?-iodonitroalkanes 3,0 This is true for a wide 
variety of olefins, and, although it has not been reported, it may be 
presumed that bromine could be substituted for iodine m this scheme to 
obtain 0-bromonitroalkanes. 

EXPERIMENTAL PROCEDURES 

cis-l-Bromo- 2 -chlorocyclohexane (Addition of Hydrogen Bro- 
mide to l-Chlorocyclohexene). 8627 A solution of 10 g. (0.085 mole) 
of 1-chlarocyclohexene in 265 g (3 7 moles) of pentane is placed in a 
quartz flask fitted with a condenser, a fritted glass gas bubbler, and a 
magnetic stirrer. The flask is partially immersed in ice water and is 
irradiated with a IIanovia-S-100 quartz tube mercury vapor lamp for 
2 hours while hydrogen bromide is passed through the solution The 
dried pentane solution, after washing with 10% aqueous sodium carbonate 
and water, is distilled, to give crude cis-l-biomo-2-chloTocyclohexane 
(b p 91-97°/10 mm , m p —11° to — 8 °) in 88% yield. The crude 
product, which contains less than 0 4% of the trans isomer, is further 
purified by recrystalhzation from pure pentane, followed by fractional 
distillation to give pure cis-l-bromo-2-chlorocyclohexane, b p. 87 5-8877 
mm , jip 1 5238. 

... Kuhn* Ger pat 739.63S [ C A . «. 317 (IMS)] 
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1-Bromo-l-hexene (Addition of Hydrogen Bromide to n-Butyl- 
acetylene in the Presence of Peroxides). 35 One mole (S2 g.) of n- 
butylacetylene, containing about 0.8 mole % of peroxide, is placed in a 
500-ml. tbree-necked flask equipped with a stirrer, an inlet tube, and a 
reflux condenser. The flask is cooled in an ice bath, and 1.5 moles of dry 
hydrogen bromide is passed in rapidly. At the end of 1 hour the reaction 
mixture is washed with aqueous sodium carbonate followed by water, and 
ed over anhydrous sodium sulfate. Distillation through an efficient 
CO umn gives o g. of unreacted n-butylacetylene, 120 g. (74%) of 1-bromo- 
1 -hexene (b.p. 139-14r/751 mm.; n 2 D ° 1.4596), and 3 g. of 1.2-dibromo- 
hexane (b.p. 89-90°/19 mm.; n 2 D ° 1.5024). 

When 2.0 moles of hydrogen bromide is passed into 1 mole of M-butyl- 
acety ene containing 0.6 mole % of peroxides, during 3 hours at ice- bath 
temperature, the product consists of 85 g. (37%) of 1-bromo-l -hexene and 
91 g. (52%) of 1,2-dibromohexane. 

Trifluoromethyi 2,2-Difluoroethyl Sulfide (X-Ray-Initiated Ad- 
ltion of Trifluoromethanethiol to 1,1-Difluoroethylene). 6 A mix- 

r r ? ? 8 ‘ (0 ' 275 mole ^ of trifluorom ethanethiol and 14 g. (0.218 mole) 

’ 1 uoroeth} lene is loaded into a 100-ml. stainless steel pressure 

vessel, and the mixture is irradiated with x-rays for 3 hours at an average 
dose rate of ca. 16,000 rad./min* Volatiles are bled off and the residue is 
1790/ i d , th J™ gh a sraaU spinning-band still. There is obtained 26 g. 

, °. °„ o n u ° rome thyl 2,2-difluoroethyl sulfide distilling at 55-58° 

(mostly 08°) ; n% 1.3270-1.3276. 

3-(2-Methyl)pentyl Thiolacetate (UV-Initiated Addition of Thiol- 

? 2 - Meth yi-2-pentene).3Bi Freshly distilled thiolacetic 
9 1 in ! o S ’ 2 moles ) IS added slowly With stirring to 336.6 g. (4 moles) of 
", , e ,. y ' ;-P entene - The reaction mixture is irradiated during the 
on wi a 100-v att bulb, and irradiation and stirring are continued 
or an our a ter the addition is complete. Distillation of the reaction 

™ yl ' ,lds 30 ° g- (96%) of 3-(2-methyl)pentyl thiolacetate; b.p. 

'0 /13 mm.; 1.4603. J 

ncl " a •" 1 ' enyl Thiolacetate and 2,3-&is-(Acetylthio)pro- 
/ - , e (Adddion of Thiolacetic Acid to Propargyl Acetate). 171 
of tbm] Ure t° / 4 f ^°'° 75 moIe ^ of Pmpargyl acetate, 11.4 g. (0.15 mole) 
in a K ri "i aCld ’ and 0-1 g ' of «»*'-azo-bis(isobutyronitrile) contained 
1* ~ 8 aS f. tl,be is irradiated for 24 hours with a 200-watt mercuiy 

P- is illation of the reaction mixture yields 1.5 g. (10%) of 

a M T * ^ electrons Iron, a Van de Graaff acceler- 

taws were deter^ ^ ^ ^ 

Bordwell and Hewett, J. Org. Chem., 22, 9=0 (1957). 



CARBON-HETERO ATOM BONDS BY RADICAL ADDITIONS 235 

3-acetoxyprop.l-enyi thiolacetate {bp. 95-9773 mm ; 15115) and 

12.0 g. (65%) of 2,3-bis(acetyIthio)propyl acetate (b p 92-9570 01 mm ; 
"i? 1.5181) 

2-Phenoxyethanethlol and b»f-(2-Phenoxyethyl) Sulfide (Addition 
of Hydrogen Sulfide to Vinyl Phenyl Ether). 200 A mixture of 20 g. 
(0.166 mole) of vinyl phenyl ether, 12 g. (0 352 mole) of hydrogen sulfide, 
and 004g. of a.a'-azo-bislisobutyronitrilc) is sealed under vacuum in a 
glass tube. After 16 days, including 53 hours at 60°, the tube is opened. 
Upon distillation of the reaction mixture there is obtained 16 g (62%) of 
2-phenoxyethanethiol distilling at 96-10074-4 5 mm ; 1.5600. The 

residue (7 2 g., 32%) is recrystallized from alcohol to yield bis-(2-phenoxy- 
ethyl) sulfide melting at 54 5-55°. 

Sodium 1, 1,2, 3, 3,3-Hexafluoropropane-l -sulfonate (Addition of 
Sodium Bisulfite to Hexafluoropropene).* 15 A mixture of 90 g (0.6 
mole) of hexafluoropropcne, 60 g (0 5 mole) of sodium bisulfite, 27.4 g 
of borax, 120 ml of water, and 0 8 g of benzoyl peroxide is charged into a 
stainless steel autoclave. The contents of the autoclave are heated « ith 
agitation at 1 10-120° for 9 hours The reaction mixture is evaporated to 
dryness and the residue extracted with hot ethanol. Upon evaporation 
of the ethanol there is isolated about 115 g (91%) of crude sodium 
l»l,2,3,3,3-hexafluoropropane-l-sulfonate. 

p-Chlorophenyl 2-Chloroethyl Sulfone (Addition of p-Chloro- 
benzenesulfonyl Chloride to Ethylene).*” A mixture of 315 g. (0.67 
mole) of p-chlorobenzenesulfonyl chloride and 12 3 g. of a.a'-azo-bis- 
(isobutyronitnle) is loaded into a 1250-ml. autoclave. The autoclave is 
evacuated and ethylene admitted until a pressure of 1500 p 8 l. is attained 
at 70°. The autoclave is agitated for 24 hours at 70°, the initial pressure 
being maintained by addition of ethylene, and then vented The reaction 
mixture is distilled to yield 74 g. (21%) of crude p-chlorophenyl 2-chloro- 
ethyl sulfone distilling at 134-16870 4-0 C mm , and 127 g (32%) of 
material boiling in the range ICS- 18470 6-0 8 mm , which is chiefly p- 
chlorophenyl 4-chlorobutyl sulfone. 

n-OctyltrichloroslIane (Addition of Trlchlorosilanc to I- 
Octene).* 5 * A mixture of 17.9 g (0.16 mole) of 1-octene and I3>.5g. 
(1.0 mole) of trichlorosilane (bp. 32°) is placed in a flo«h fitted with 
dropping funnel, thermometer, and reflux condenser connected through a 
—SO 4 trap to a mercury' seal 20 cm in height. The system is swept with 
nitrogen and the reaction mixture heated to 45° under the alight extra 
pressure of the mercury. A solution of 3 g (0 025 mole) of diacetyl 
peroxide in 19 9 p. (0 17 mole) of 1-octene is added during 2 hours, aft< r 
which the mixture is heated at 50-63 4 for an additional 9 hours Distil- 
lation under reduced pressure gives, after removal of excess trichlorosibne, 
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80.9 g. (99%) of w-octyltrichlorosilane, which boils at 231-232°/728 mm. 
on subsequent redistillation. 

Methyl-n-propyldichlorosilane (Thermal Addition of Methyl- 
dichlorosilane to Propylene ). 233 a mixture of 345 g. (3 moles) of 
methyldichlorosilane and 128 g. (3 moles) of propylene in a 2.4-1. pressure 
bomb is heated overnight at 300°. The maximum pressure is 1120p.s.i. 
Distillation of the reaction mixture gives 340 g. (72%) of methyl w-propyl- 
dichlorosilane, boiling at 123-124°/747 mm. Some methylhexyldichloro- 
silane was formed in the reaction. 

_ diethyl P-Acetoxypropyl Phosphonate (Peroxide-Initiated Addi- 
tion of Diethyl Phosphite to Isopropenyl Acetate ). 333 A solution of 
5 g. of benzoyl peroxide in 93 g. (0.93 mole) of isopropenyl acetate is added 
durmg 3 hours to 319 g. (2.30 moles) of diethyl phosphite held at 85-95°. 
When the addition is complete, an additional 5 g. of benzoyl peroxide is 
a ded and heating is continued for another hour. After removal of the 
excess diethyl phosphite under reduced pressure, the residual oil is dis- 
Tllc fraction foiling at 78-10070.50 mm yields on redistillation 
60 g. (72%) of diethyl /9-acetoxypropyl phosphonate, b.p. 89-93°/0.05 
mm., n \ * 1.4301. 1 


Fractionation of the higher-boiling fractions yields about 25 g. of a 
substance containing 2 units of isopropenyl acetate to 1 of diethyl phos- 
phite, b.p. 100-11570.01 mm., »» 1.4461. 

1 Nitro-2-propyI Iodide (Addition of Dinitrogen Tetroxide to 
ropylene). Dinitrogen tetroxide (6.9 g.; 0.15 mole as NO,) in a 
am o ry nitrogen is passed into a cold (0°) stirred solution of 30 ml. 
o propylene and 31 g. (0.25 mole) of iodine in 200 ml. of diethyl ether 
urmg ours. The reaction system is protected by a solid carbon 
loxide-acetone condenser and a drying tube. Stirring is continued for 
lour a a ter the addition of the dinitrogen tetroxide. The ether 
so u mnis was ed with 15% aqueous sodium thiosulfate until colorless, 
lr r iU T S sod ’ um bicarbonate and water, and dried over magne- 
to m SU a e. he residue remaining after evaporation of the ether at 
09 r' m ' 5T 8 r dist ! lled thr °ugh a brown glass distilling head to give 
j . '°) of 1 -nitro-2-propyl iodide, b.p. 40-4270.5 mm. Re- 

and fr g rT Sl - 7g - 0f fore - mn ( b -P- 42^470.45 mm.; nl° 1.5370) 

, r ., g ° l-nitro-2-propyl iodide (b.p. 4470.45 mm., njf 1.5378). 
with dlor °; 3 - ni t ro P r °P io nic Acid (Reaction of Nitryl Chloride 
is distilfT/i? Acid ^ 37? ^try 1 cldoride (85 g„ 1.05 mole; 20% excess) 
r h /!! gh a gaS deliver y tube into 64 g. (0.89 mole) of glacial 

ryhc acid at 0 The orange-red mixture is stirred at room temperature 
° U Jd, an excess nitryl chloride is then removed under reduced 
pressure. I he syrupy product crystallizes slowly at 0-5° to a white solid 
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(109 g., 71%). A 20-g. sample of this material is dissolved in benzene, 
the solution separated from an insoluble residue (1 5 g ) and concentrated 
until precipitation occurs Filtration gives a white solid (114 g ), mp. 
72-74°, which when reerystalhzed from benzene yields 2-chloro-3-mtropro- 
piomc acid, m.p 78-80°. 

Distillation of the crude reaction product at 0 7 mm pressure results in 
dehydrochlorination of the 2-chloro-3-nitropropionic acid to 3-rutroacryhc 
acid, m.p 136°. 

li2-Dinitro-2 ( 4,4-trimethylpentane and l-Nitro-2,4,4-trimethyl- 
2-pentanol (Addition of Dinitrogen Tetroxide to 2,4,4-Trimethyl- 
1-pentene). 378 2,4,4-Trimethyl-l-pentene (332 g.) is added dropwise 
during 3 hours to a well- stirred solution of 790 g. of dimtrogen tetroxide in 
1 830 g of dry diethyl ether at —5°. Solvent and excess tetroxide are then 
removed, and the product, a yellow oil, is stirred with two 600-mi. 
portions of water for 20 minutes to hydrolyze the nitre-nitrite After the 
oil has stood with water overnight, it is separated and dried by azeotropic 
distillation with benzene. Fractional distillation of the dried oil (610 g ) 
gives (») 169 g., b p 52-6870.5 mm , (it) 339 g , b p 80-130°/<1 mm , and 
(***) a residue of 64 g 

Redistillation of («) gives 163 g. (31%) of I-nitro-2,4,4-tnmethyl-2- 
pentanol, b p. 68-62°/<l mm. 

Redistillation of fraction (it) gives a center cut of 320 g. (53%) of 1,2- 
dinitro-2,4,4-trimethylpentane, b p. 94-1027<l mm 

TABULAR SURVEY 

The unsaturates are tabulated according to increasing number of carbon 
atoms following the system used in Chemical Abstracts. Where necessary, 
the addends have also been arranged according to increasing number of 
carbon atoms. The silanes in Table XI-<7 and the phosphines in Table 
XIII have been arranged in order of decreasing number of hydrogen atoms 
on the hetero atom 

A dash in the yield column indicates that no yield was reported. 

The literature survey included Chemical Abstracts index through 1960. 
Although no exhaustive search of the 1901-earJy 1962 literature was 
possible, all the papers encountered in the readily available journals are 
included. 
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A. Addition of Hydrogen Bromide to Olefins — Continued 

Olefin Catalyst Product (Yield, %) Refs. 
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A. Addition of Aliphatic Thiols to Olefins — Continued 

Thiol Olofin Catalyst Products (%) Kofs. 
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TABLE X — Continued 

Addition of Aliphatic Dithiols to Olefins — Continued 
Catalyst. Products (%) 
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TABLE X — Continued 

D. Addition of Aromatic Thiols to Olefins — Continued 
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TABLE X — Continued 

Addition of Aromatic Thiols to Olefins — Continued 
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TABLE X— Continued 

O. Addition of Thiol Acids to Olefins — Continued 
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M. Addition of Hydrogen Sulfide to Olefins and Acetylenes — Continued 
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Claisen rearrangement, 2 
Cleavage of non-enolizable ketones 
with sodium amide, “ 


Clemmensen reduction, 1 
Coupling of diazonium salts with ali- 
phatic carbon atoms, 10 
Curtius reaction, 3 
Cyanoethylation, 5 

Cyclic ketone3 by intramolecular acy- 
lation, 2 

Cyclobutanes from thermal cycloaddl- 
tion reactions, 12 

Cyclobutenes from thermal cycloaddi- 
tion reactions, 12 


Darzens glycidic ester condensation, 3 
Derojanov and Tiffeneau-Demjanov 
ring expansions, 11 „ 

Desulfurization with Raney nickel, 12 
Diels-Alder reaction, ethylemc and 
acetylenic dienophiles, 4 
Diels-Alder reaction with cyclenonea, 8 
Diela-Alder reaction with maleic anhy- 
dride, 4 

Direct sulfonation of aromatic hydro- 
carbons and their halogen deriva- 
tives, 3 

Elbs reaction, 1 

Epoxidation of ethylene compounds 
with organic peracids, 7 

Favorskii rearrangement of haloke- 

FreT mdmal addition to olefins and 
acetylenes to form carbon-carbon 

riridiii to o'* 6 " 

KOtylOOd f t“"” «tb00-h.f.O 

atom bonds, 13 . , , . 

Fnedel-Crafts reaction with abp 
dibasic acid anhydrides, 5 
Fnea reaction, 1 
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Gattermann-Koch reaction, 5 
Gattermann synthesis of aldehydes, 9 

Halocyclopropenes from halocarbenes, 
13 

Halogen-metal interconversion reac- 
tion with organolithium compounds, 
6 

Hoesch synthesis, 5 
Hofmann reaction, 3 
Hydration of olefins and acetylenes via 
hydroboration, 13 

Hydrogenolysis of benzyl groups, 7 
Hydroxylation of ethylenic compounds 
with organic peracids, 7 

Jacobsen reaction, 1 
Japp-Klingemann reaction, 10 

0-Lactams, 9 
0-Lactones, 8 
Leuckart reaction, S 

Mannich reaction, 1 
Metalation with organolithium com- 
pounds, 8 

Michael reaction, 10 

Nitrosation of aliphatic carbon atoms, 7 

Olefins from amines, 11 

Olefins from pyrolysis of xanthates, 12 

Oppenauer oxidation, 6 

Pechmann reaction, 7 
Peptide synthesis with mixed anhy- 
drides, 12 

Periodic acid oxidation, 2 
Perkin reaction and related reactions, 1 
Pictet-Spengler synthesis of tetrahy- 
droisoquinolines, 6 

Pomeranz-Fritsch synthesis of isoqui- 
nolines, 6 

Preparation of amines by reductive al- 
kylation, 4 


Preparation of benzoquinones by oxi- 
dation, 4 

Preparation of ketene3 and ketene 
dimers, 3 

Preparation of phosphonic and phos- 
phinic acids, 6 
Preparation of thiazoles, 6 
Preparation of thiophenes and tetra- 
hydrothiophenes, 6 

Pschorr synthesis and related ring clo- 
sure reactions, 9 

Reaction of diazomethane and its de- 
rivatives with aldehydes and ke- 
tones, 8 

Reaction of halogens with silver salts 
of carboxylic acids, 9 
Reduction with aluminum alkoxides, 2 
Reduction with lithium aluminum hy- 
dride, 6 

Reformatsky reaction, 1 
Replacement of aromatic primary 
amino groups by hydrogen, 2 
Resolution of alcohols, 2 
Rosenmund reduction, 4 

Schmidt reaction, 3 
Selenium dioxide oxidation, 5 
Skraup synthesis of quinolines, 7 
Sommelet reaction, 8 
Stobbe condensation, 6 
Substitution and addition reactions of 
thiocyanogen, 3 

Synthesis of aldehydes from carboxylic 
acids, 8 

Synthesis of ketones from acid chlo- 
rides and organometallic compounds 
of magnesium, zinc, and cadmium, 8 

Von Braun cyanogen bromide reaction, 

7 

Willgerodt reaction, 3 
Wolfi-Kishner reduction, 4 
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3-Acetoxyprop-l-enyl thiolacetate, 234 
Acetyl peroxide, 114-115 
23-fcir-(Acetytthio)propyl acetate, 234 
Aldehydes from unsaturates, thiols, and 
carbon monoxide, 185, 189 
AUylsilanes, addition of hydrogen bro- 
mide, 160 

t-Amyl alcohol, 119 
Anti-Marhowmkoff addition, 3, 93 
Ascandole, 163, 189, 196 
Aiobis(isobutyronitnle), 115 

Benzeneboromc acid, oxidation with 
hydrogen peroxide, 24 
Benzoyl peroxide, 114-115 
Bis- (3-methy I-2-buty 1 ) borane, 9-11, 

20, S3 

Boron trifluoride diethyl etherate, 28 
ct's-l-Bromo-2-chlo ro cy c lohexane, 233 

1- Bromo-l-hexene, 234 
(+)-2-Butanol, 34 
f-Butyl perbenzoate, 116 

Carbon-carbon bonds, formation by 
radical addition reactions, 91-149 
Carbon-hetero atom bonds, formation 
by radical addition reactions, ISO- 
376 

Chain termination products in radical 
addition reactions, 173 

2- Chloro-3-mtropropiomc acid, 236 
P-Chlorophenyl 2-chloroethyi sulfone, 

235 

1 -Chioro-2 ,2 ,3 ,3-tetramethy Cyclopro- 
pane, 76 
Cyclohexanol, 31 
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dichloromethane, 64 
Decarbonylation of aeyl radicals, 108, 

117 

Diborane, 31-32 

7.7- Dibromobicy clo [ 4 1 OJheptane, 7 

Di-t-butyl peroxide, 114 

2.7- Di-t-butyltropone, 76 
3,3-Dicarbomethoxypropyl acetate, 

1.2- Dichloroalkanes, 203 

7.7- Dichlorobicyclo[4 lOlheptane, 

1 ,1 -Dichloro-2- { chlorom ethyl) cyclopro 

Dieth^islcetoxypropyl phosphonate, 
Diethyl n-butyrylsuccmate, 120 

SXfcS nun "I* 

oxides, 61 

Diisopinocampheylborane, 11, 

23-Dimethyl-I.4-butaned.ol, 32 

1.2- Dinitro-2,4,4-trimethylpentane, 

t» of h.logen ft«» 

215 

3-Ethyl-l-pentanoI, 34 

Formation of 15^376 

bonds by radical add lion, 1 
Free radical addition to olefin* to 
carbon-carbon bond3, 91- 

Halocarbenes, 55-90 

Halocyclopropanes, 5o-w 

Haloforms, hydrolysis, »» 

Hofmann isocyamde synthea , 
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Hydration of olefins and acetylenes by 
hydroboration, 1-54 
Hydroboration of olefins and acetyl- 
enes, 1-54 

/3-Hydroperoxy sulfides, 185 

1- Iodoheptafluoropropane, 120 
Isopinocampheol, 29 

Ketones, preparation by oxidation of 
organoboranes, 24 
Kharasch addition, 93 

Lithium aluminum hydride, 26 
Lithium borohydride, 26, 27 

2- Methylcyclohexanone, 36 
4-Methyl-l-pentanol, 30 

3- (2-Methyl)pentyl thiolacetate, 234 
Methyl-n-propyldichlorosilane, 236 

l-Nitro-2-propyl iodide, 236 
l-Nitro-2,4,4-trimethyl-2-pentanol, 237 
exo-Norborneol, 31 

n-Octanal, 33 

n-Octyltrichlorosilane, 236 
Olefins from alkyllithiums and di- 
chloromethane, 64 

Organoboranes, coupling with alkaline 
silver nitrate, 4 
cyclization, 17 

from olefins and acetylenes, 1-54 
isomerization, 14-17, 19, 34 
oxidation, 3, 22-25, 35 
protonation, 4 


Perfluoroalkyl iodides, 107 
2-Phenoxyethanethiol, 236 
bis-(2-Phenoxyethyl) sulfide, 236 
Potassium borohydride, 26 

Radical stabilities, 153-154 
Rearrangements in radical additions, 
103-106, 162, 181, 184, 215 
Redox systems, 116, 189 

Silver trichloroacetate, pyrolysis, 62 
Sodium borohydride, 25-26, 28 
Sodium 1,1, 2,3,3, 3-hexafluoropropane-l- 
sulfonate, 235 

Stereochemistry of radical additions, 
106-107, 157-159, 173-179 

Telomerization, 99-101, 118 
Telomers, 108, 109, 110, 171-172, 180, 
201, 202, 207, 211, 217, 221 
1,1,1,3-Tetrachlorononane, 120 
Thiol acids, additions to unsaturated 
steroids, 183 

l,l,l-Trichloro-3-bromo-3-phenylpro- 
panol, 120 

Trifluoromethyl 2,2-difiuoroethyl sul- 
fide, 234 
Triglyme, 28 

2,4,4-Trimethyl-l-pentanol, 30 
Triphenylphosphine methylene, 70 

Unsaturated thiols, self-addition, 180 

Vinyl silanes, 214 



